h

R

(il

ey

R 1 ek
i

i

V732 8889
NASA CR-120918
D180-15296-1

FOR COMPOSITE TANKS
WITH LOAD SHARING LINERS

(Interim Report)

By T
W.D. Bixter o0 \2eds2

7,

AEROSPACE COMPAXY o5

Prepared For

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center

" Conract NAS 31430




<@

R RrTY

'

P e S e

IR e w0

OO ) il

I A ey T e J——

i o R0, )
- g B

L8

a1y
i



Recipient’s Catalog No.

1. Report No, * | "2. Government Accession No. 3.
NASA CR-120918
i i 5 R D
4. Title and Subtitle Do velopment of a Fracture Control eport Date March 1973
Method for Composite Tanks With Load & Performing Organization Code

Sharing Liners (Interim Report)

7. Author(s} B. Performing Organization Report No.
W, D. Bixler D180-15296-1
10. Work Unit No.
9. Performing Organization Name and Address
Boeing AerOSPGCe ComPGnY 11. Contract or Grant No.
Research and Engineering Division NAS 3-14380
Seoffle, WA 98] 24 13. Tvp& of Report and Igeriod Ctovered .
ontractor Repor
2. Sponsoring Agency Name and Adcien o July 1971 through November 1972
National Aeronautics and Space Administration e — g
21000 Brookpark Rd, - Sponsoring Agency Lode
Lewis Research Center Cleveland, OH 44135
16. Supplementary Notes Project Manager, James R, Faddoul
Materials and Structures Division
NASA Lewis Research Center
Clevelond, OH 44135
16. Abstract

This experimental program was undertaken to establish a fracture

control method for composite tanks with load sharing liners,

Uniaxial

specimens containing surface flaws were loaded to failure (static fractured)

and cycled to failure and the results were compared with burst tests and

cyclic life tests of composite tanks having surface flaws present in the load

sharing metal liners.

The liner materials investigated were Inconel X750 STA,

2219-T62 aluminum and cryostretched 301 stainless steel at room temperature

and at 78°K (-320°F) in liquid nitrogen,

paring the uniaxial and tank test results,

Differences were observed in com-

These differences should be resolved

if an adequate fracture control method is to be developed.

17. Key W;:;r”ds' {Suggested by Author(s))

Surface Flawed
Inconel X750 STA
2219-Té2 Aluminum
Cryoformed 301
Stainless Steel

Fracture Control
Composite Tanks
Load Sharing Liners

Uniaxial Specimens
Biaxial Specimens

18. Distribution Statement

Unclassified, Unlimited

19. Security Classif. (of this report)

20. Security Classif. {of this page)

Unclassified Unclassified

21,

No. of Pages 22. Price”

284 $3.00

' For sale by the-National Technica! Information Service, Springhield, Virginia 22151




" .

(R T TR YR T 1)

Al i
™

J

ol

[ Y

g_

il

I Bi



»

FOREWORD

This report describes the work performed by the Boeing Aerospace Company from
July 1971 to November 1972 under Contract NAS 3-14380. The work was
administered by Mr. James R. Faddoul of the NASA Lewis Research Center.
Structural Composities Industries (SCI), acting in the capacity of an associate
contractor, participated in the program. Boeing had overall responsibility for the
program and conducted the experimental portion while SCI was primarily responsible
for overwrapped tank design and analysis, and Inconel and aluminum specimen fab-
rication. Arde', Inc. also participated in the program in an advisory capacity and

as a supplier of stainless steel specimens.

Boeing personnel who conducted the investigation include J. N. Masters, project
supervisor and W. D. Bixler, technical leader. Specimen testing support was pro-
vided by A. A, Ottlyk and H. Olden, and the technical illustration and art work
was done by D. Good. SCI personnel who contributed to the investigation include
R. E. Landes, program supervisor and E. E. Morris, Vice-President. Arde’ personnel

who contributed to the investigation include A, Cozewith and D. Gleich.

The information contained in this report is also released as Boeing Document

D180-152%96-1.
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SUMMARY

The experimental work described herein was undertaken to establish a fracture control
method which would guarantee the service life of composite tanks with load sharing liners.
These tanks are made up of metallic liners which are overwrapped with glass filaments
with epoxy resin, The tanks are designed so that the liners carry a significant portion of

the membrane loads.

A tank design which incorporated a circumferentially (hoop) glass filament reinforced (GFR)
cylinder with closed ends was established for three liner materials: (1) Inconel X750 STA,
(2) 2219-T62 aluminum, and (3) cryoformed 301 stainless steel. Based on these designs,
uniaxial and biaxial (tank) specimens containing artificially induced surface flaws were
fabricated and fracture tested at 295°K (720F) and 78°K (-3200F). Uniaxial specimens

for each liner material investigated were pulled to failure and cycled fo failure. Biaxial
specimens with Inconel X750 STA and 2219-T62 aluminum liners were burst and cyclic
tested. The static fracture and cyclic life results obtained from the uniaxial and biaxial
specimens were compared to determine the extent that the uniaxial results could be used

to predict the overwrapped tank fracture behavior. The comparison resulted in the follow-

ing observations:

(1) Uniaxial surface flawed static fracture results can be used to predict burst test
failures for hoop GFR Inconel X750 STA tanks with surface flawed liners having
thicknesses of about 0.10 cm (0.040in).

(2)  Uniaxial surface flawed static fracture results underestimate the burst strength of
hoop GFR 2219-T62 aluminum tanks with surface flowed liners having thicknesses
of about 0.23 cm (0.090 in). This difference ranges from about 10 to 35% in

the thickness tested.

(38)  The cyclic life of both hoop GFR Inconel and aluminum tanks containing surface
flawed liners are overestimated by uniaxial surface flawed specimens. The dif-

ference can range up to six times in the thickness tested.

(4) A leak mode-of -failure was observed for all hoop GFR Inconel and aluminum

tanks that were burst tested at room temperature (RT) or cycled at RT or 78°K (-3200F).

The differences observed should be resolved if an adequate fracture control method for

composite tanks with load sharing liners is to be developed.
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1.0 INTRODUCTION

This document presents the first attempt to establish a fracture control method which
would guarantee the service life of composite tanks with load sharing liners. The
type of tanks being considered have filament overwrapped metal liners which are
pressurized on the first cycle until the liner yields a predetermined amount and then
the pressure is released. The filament overwrap material (S-glass) remains elastic
throughout this pressure or sizing cycle. Upon releasing the pressure, the liner goes
into compression while the filament overwrap remains in tension. The stress range
for the metal liner on subsequent operating cycles is from compression at zero tank
pressure to tension (always less than the liner stress at the sizing pressure) at tank
operating pressure. The liner as well as the filament overwrap operates elastically
during an operating pressure cycle. The sizing operation and subsequent operating

cycles are schematically illustrated in Figure 1.

In general, the service life of all-metal tanks can be guaranteed by an effective
proof test based on the application of linear elastic fracture mechanics. Such is
not the case for composite tanks with load sharing liners, where the sizing cycle
takes place well above the yield strength of the material; beyond the range of linear

elastic fracture mechanic concepts.

It is anticipated that as with a proof test of an all-metal tank, the sizing cycle of
a composite tank with a load sharing liner screens out flaws larger than a specific
size. In doing so, a certain amount of flaw growth potential would be available
for cyclic operation. This approach to assessing the allowable service life of

composite tanks with load sharing liners is schematically illustrated in Figure 2.

Since no theory or fracture data was available for surface flawed materials stressed
well above the material yield strength, a empirical approach was taken to develop
static fracture data in this stress region. In addition, cyclic life data for liner
materials which initially received a plastic sizing cycle were developed. Static
fracture and cyclic life data were generated using semi —elliptical surface flawed

uniaxial specimens of candidate liner materials; specifically Inconel X750 STA,



2219-T62 aluminum and cryostretched 301 stainless steel. Burst and service life
tests were also conducted on non-overwrapped all-metal tanks and overwrapped

tanks with surface flawed metal liners made of Inconel X750 STA and 2219-T62
aluminum. The static fracture and cyclic life results obtained from the uniaxial

and biaxial (tank) specimens were compared to determine the extent that the

uniaxial results could be used to predict the overwrapped tank fracture behavior.
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2.0 TECHNICAL APPROACH

At the beginning of this contract a paramefric design study was conducted to aid
designers in selecting weight optimum composite tanks with load sharing liners for

a specific design condition. From this study, a hoop glass filament reinforced
(GFR) cylinder design for three liner materials was established which was repre=-
sentative of thicknesses and pressures covered in the design study. Uniaxial and
biaxial (tank) fracture specimens were then fabricated and tested in accordance with
the hoop GFR cylinder designs. The design study, hoop GFR cylinder designs and

fracture testing program are discussed in the following paragraphs.

2.1 Parametric Design Study

The design study was conducted by Structural Composites Industries (SCI) and was
published as a design guide handbook (Reference 1). GFR spheres, oblate spheroids
and closed end cylinders constructed of Inconel X750 STA, 2219-T62 aluminum and
cryoformed 301 stainless steel were considered in the parametric study. The design
criteria for the GFR tanks is presented in Reference 1 and includes geometric para-
meters, material properties, and fabrication, sizing, operating and burst criteria.
Operating temperatures ranged From 295°K (72 F) to 20°K (-423 F) and operating
pressures ranged from 6.9 MN/m (1000 psi) to 27.6 MN/m (4000 psi) for these pressure
vessels. The filament winding patterns considered were (1) axisymmetric, multiple angle
for spheres, (2) longitudinal -in-plane for oblate spheroids, (3) and both circumferential
only and longitudinal-in-plane complemented by circumferential along the cylindrical
section for closed end cylinders. The closed end cylinders with only a circumferential
filament winding pattern over the cylindrical section are commonly referred to as hoop

GFR cylinders in this report.

The parametric design study was conducted using a computer program previously de-
veloped by SCI for the analysis of filament-wound, metal-lined pressure vessels
(Reference 2). The program treats the filament shell by means of a netting analysis,
which assumes that the stresses are constant along the filament path and that the resin
makes a negligible structural contribution. The filament shell and the constant-thickness

metal liner are combined by equating strains in the longitudinal and hoop directions



and by adjusting the radii of curvature to match the combined material strengths at
the design pressure, The filaments are assumed to have a linear stress/strain re-
lationship until failure occurs whereas the metal liner stress/strain relationship is
assumed to be bilinear. This bilinear representation is an engineering approxima-
tion to the elastic and plastic portions of the metallic stress/strain curve. The
linearization was done in accordance with the schematic presented in Figure 3. Using
the design guide one can define the GFR tank details, such as thicknesses, weight,
sizing and burst pressures, given a pressure vessel shape, size, liner material and

operating pressure requirements,

It should be noted that the GFR Inconel and aluminum tanks are sized at room
temperature (RT), while the GFR cryoformed 301 tank is sized at 78°K (—320°F) in
liquid nitrogen. Prior to sizing a 301 tank at 78°K (-320°F), the unreinforced tank
is prestressed (ops) at 78°K (-320°F) to about 932 MN/m2 (135 ksi).  This straining
due to prestressing plus the straining due to sizing the GFR vessel, strengthens the

cryoformed 301 to the desired level.

2,2 Hoop GFR Cylinder Design

For purposes of conducting the experimental fracture program presented in this docu-
ment, a hoop GFR cylinder design was selected for each of the liner materials to

be investigated, The design criteria for the hoop GFR cylinders is presented in
Table 1. The cylinder dimensions used for design were 43 cm (17 in) long (cylindri-
cal section) and 16.5 cm (6.5 in) in diameter with hemispherical end closures. The
resulting liner design thicknesses were 0,10 cm (0.040 in) for the Inconel X750 STA,
0.23 cm (0.090 in) for the 2219-T62 aluminum and 0.071 cm (0.028 in) for the cryo-

formed 301 stainless steel,

The material properties used for the pressure vessel design are presented in Table 2.
The mechanical properties were based on material properties obtained from the actual
heats of materials used in fabricating the hoop GFR cylinders and uniaxial specimens.
The cryoformed 301 stainless steel material properties are based on data obtained

after a cryogenic prestress to about 932 MN/m2 (135 ksi) in liquid nitrogen.
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Computer derived membrane stresses in the cylindrical section of the pressure vessel
are tabulated in Table 3 for the GFR Inconel tank, Table 4 for the GFR aluminum
tank and Table 5 for the GFR 301 tank. The burst pressure for all hoop GFR tank
designs are critical in the longitudinal direction in the liner, regardless of tempera-
tore. It was assumed that if a GFR pressure vessel was to be operated at a tempera-
ture other than that at which it was sized, the pressure vessel would receive a proof
test at the operating temperature. The liner stress at the proof pressure was assumed
to be equal to the offset yield point (see Figure 1) at the operating temperature.
Figures 4, 5 and 6 present the hoop stress/strain relationships of the cylinders for
both the ambient and cryogenic operating conditions. Computer output was also used
fo construct the pressure/hoop strain curves presented in Figures 7, 8 and 9 for the
three different GFR pressure vessels. Pressure/hoop strain curves are used to compare

the measured pressure/strain characteristics of the vessels with the predicted values.

The liner hoop stresses at the sizing and proof pressure (if applicable) are summarized

below for the three different GFR pressure vessels analyzed:

SIZING PROOFING
GFR o, Sizing o , Proof
Pressure Temp. |Pressure, p | ° Temp. | Pressure, p P
Vessel ok 8 | N/ 2( i Hoop Stress | = | MN/ 2 Hoop Stress
m s i
P a2 (ksi| & C P MNP ? (i)
Inconel 295 19.6 850 78 20.9 960
X750 STA (72) (2840) (123.3) (=320) (3030) (139.1)
2219-T62 295 16.8 332 78 17.4 381
Aluminum (72) (2430) (48,2) (=320) (2520) (55.2)
Cryoformed 301 78 23.9 1442 295 21.8 1235
Stainless Steel |(-320) (3460) (209.2) (72) (3160) (179.0)

The stress levels presented above are valid for other hoop GFR pressure vessels having

the same diameter-to-thickness ratio.



2.3 Uniaxial Tests

Uniaxial specimens containing semi-elliptical surface flaws as depicted in Figure 10

were static fracture and fatigue tested at operating conditions equivalent to the

hoop GFR cylinders presented in Paragraph 2.2, It was the object of these uniaxial

tests to:
(1)  Establish the stress—flaw size failure loci (Figure 2) and mode-of -failure for
various flaw sizes; especially above the yield strength of the material. The

data would be used to determine the initial flaw size that would be screened

by the sizing pressure and proof pressure (if applicable).
(2) Establish the cyclic life at various operating stresses for flaw sizes that are

screened by the sizing cycle and proof test.

Uniaxial surface flawed specimens were made of base metal and weld metal of Inconel

X750 STA, 2219-T62 aluminum and cryostretched 301 stainless steel and tested at

[ AN TN T T T T

295°K (720F) and 78°K (-320°F). All specimens tested were subjected to thermal and

(L1
'y

stress environments which closely simulated the processes the actual tank liners would

(L. 4

experience. The primary exception to this rule was the cyclic stress condition where
the uniaxial specimens were cycled from zero-to-maximum tension while the GFR liner
experiences a compression-to-maximum tension cyclic profile during a zero-to-full

tank pressure cycle,

Two thicknesses of uniaxial specimens were tested for each material; one equivalent to the
hoop GFR cylinder design thickness presented in Paragraph 2.2 and one significantly thicker.
The most emphasis during testing was placed on the thickness that was equivalent to the

hoop'GFR cylinder design. A summary of the thicknesses tested is presented below:

LU AN O OO0 0L w )

l> Mode —of —failure can either be parting of the specimen (prior to leakage, and
termed a fail mode) or the surface flaw can propagate through-the -thickness
causing tank leakage (termed a leak mode).
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Base Metal and Thickness, cm (inch)
Weld Metal
Material f] t2
0.10 | 0.33
inconel X750 STA (0. 040) (0. 13)
) 0,23 0.46
2219-T62 Aluminum (0. 090) (0.18)
Cryostretched 0.071 0.26
301 Stainless Steel (0,028) (0.10)

The static fracture test matrices are schematically illustrated in Figures 11 and 12,

For the Inconel and aluminum materials, the 295°K (720F) static fracture specimens
were pulled directly to failure whereas the 78°K (-320°F) static fracture specimens
were pulled to failure after being stressed to the sizing value at 295°K (720F).
The procedure was just reversed for the cryostretched 301; the 78°K (-3?_OOF) static
fracture specimens were pulled directly to failure (after experiencing an initial
cryogenic prestress), whereas the 295°K (720F) static fracture specimens were pulled
to failure after being stressed to the sizing value at 78°K (-3200F). Static fracture
data was generated for flaw depth-to-length (a/2c) ratios of about 0.10, 0.20 and
0.40, with most of the data obtained at an a/2¢ = 0.20, The selection of initial
flaw sizes for the static fracture specimens tested at the sizing temperature were

such that the failure loci was determined for flaw depths ranging up to the thick-
ness of material being investigated, although the most emphasis was placed on ob-
taining fracture data in the plastic stress region. For static fracture specimens tested
at a temperature other than the sizing temperature, the selection of initial flaw sizes

was such that failure did not occur during the sizing operation.

The cyclic life test matrix is schematically illustrated in Figure 13. All cyclic
specimens had flaws with an a/2c of about 0.20. For the Inconel and aluminum
materials, a 295°K (72°F) sizing cycle was put on the specimens prior to

cycling to leakage at 295°K (72°F). In addition, the specimens to be cyclic tested at
[> See Table in Paragraph 2.2, Page 7.
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78°K (-320°F) were subjected to a proof test after sizing. The cryostretched
301 specimens received a sizing cycle at 78°K (-320°F) prior to cyclic testing
and additionally, the specimens to be cycled at 295°K (72°F) received a 295°K
(72°F) proof test . Cyclic flaw growth tests were conducted generally at three
different operating stress levels. These stress levels ranged from 60 to 100% of
the sizing stress or proof stress (if applicable). The number of cycles at which the
flaw grew through-the-thickness was recorded. The cyclic data results were pre-

sented as shown in Figure 14, so that for a given pressure vessel design and required

cyclic life, the maximum permissible operating stress could be determined.

Table & summarizes the uniaxial tests conducted in this investigation along with the

pertinent test parameters.

2.4 Biaxial Tests

Overwrapped and non-overwrapped tanks containing surface flaws in the cylindrical
section of the metal shells were burst and fatigue tested at 295°K (72°F) and 78°K
(-320°F). 1t was the object of these tests to establish failure loci and cyclic life
data to be compared with the results of the uniaxial tests described in Paragraph

2.3. The biaxial specimen metal shells were made of Inconel X750 STA and 2219-T62
aluminum. The overwrapped tanks were fabricated per the respective design presented
in Paragraph 2.2, GFR tank liners were used as the all-metal tanks. The purpose in
testing all-metal tanks was to separate, in part, overwrapping effects from cylindrical

biaxial stress effects.

The burst test matrix is schematically illustrated in Figure 15. The tanks tested at
295°K (72°F) were pressurized directly to failure or leakage, whereas the tanks tested
at 78°K (-320°F) were sized at 295°K (720F) prior to pressurizing to failure or leak-
age at 78°K (-320°F). The GFR tanks were sized per the table in Paragraph 2.2,
Page 7. The all-metal tanks were burst tested only at 295°K (72°F). A single
surface flaw with an a/2c of about 0.20 was present in each metal shell; one-half

of the tank tests had flaws located in the weld metal. Flaws in the metal shells were
DSee Table in Paragraph 2.2, Page 7
10
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oriented in one of two directions; with the plane of the flaw parallel to the

longitudinal axis of the shell or at 7 /4 rad. (450) to the same reference axis.

The pressure at tank leakage or burst was recorded.

The cyclic life test matrix is schematically illustrated in Figure 16. The GFR

tanks cyclic tested at RT received a sizing cycle at RT while the tanks cyclic
tested in liquid nitrogen received a sizing cycle at RT plus a cryogenic proof
test " The all-metal tanks were tested only at RT and received a simulated

RT sizing cycle so that the hoop stress was equivalent to the GFR liner hoop stress.
Each cyclic tank test had two surface flaws; one in the base metal and one in the
weld metal. These flaws had an a/2c of about 0.20. The number of cycles at

which the flaw grew through-the-thickness was recorded.

Table 7 summarizes the biaxial tests conducted in this investigation along with the

pertinent test parameters.

l> See Table in Paragraph 2.2, Page 7
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3.0 MATERIALS AND PROCEDURES

3.1 Materials

The three liner materials investigated in this experimental program were Inconel
X750 STA, 2219-T62 aluminum and cryostretched 301 stainless steel. S-glass with

epoxy resin was used as the overwrap material for the composite tanks.

The Inconel X750 was purchased per AMS 5542, Revision G, in the annealed con-
dition in sheet thicknesses of 0.10 cm (0.040 in) and 0.33 cm (0.130 in). The
0.10 cm (0.040 in) thick material (heat number HT 76C7X5) was used to fabricate
uniaxial specimens as well as tank liners, whereas the 0.33 cm (0.130 in) thick

material (heat number HT 0647X) was used only for uniaxial specimens,

The 2219 aluminum was obtained in the T87 temper in two thicknesses; 0.32 cm
(0.125 in) for uniaxial specimens and tank liners and 1.27 cm (0.50 in) for other
uniaxial specimens. Both thicknesses of material were fully annealed per BAC 5602
prior to specimen fabrication. The 0,32 ¢cm (0.125 in) thick material was obtained
from a previously completed NASA contract, NAS 3-10290, and was purchased per
BMS 7-105C. The 1.27 cm (0.50 in) thick material was purchased per MIL-A-8920A.

The 301 stainless steel (heat number 76235) was purchased from Arde', Inc. This
heat of regular 301 material (unaged) was the same as used to fabricate some closed
end cylinders which are presently in the NASA/Lewis inventory. Two thicknesses,
0.071 cm (0.028 in) and 0.26 cm (0.10 in), of annecled, unaged material were used

to fabricate uniaxial specimens.

$-901 20 end glass roving pre-impregnated with NASA epoxy/polyurethane resin #2
was used as the overwrap material for the composite tanks. The S-glass was pur-

chased per MIL-R-60346A.

D Heated in air at 687°K (775OF) for 2 hours minimum, furnace cooled at
maximum rate of 280K/hr (SOOF/hr) to 534°K (SOOOF) or less, air cooled.

13



3.2 Uniaxial Specimen Fabrication

3.2.1  Inconel X750 STA Specimens

Inconel X750 STA base metal and weld metal uniaxial specimens were fabricated
per the sketches presented in Figures 17, 18 and 19. The weld metal specimens
were GTA welded per BAC 5980 Class "A" by laying a bead-on-plate with full
penetration using Inconel 69 filler wire. No weld repairs were permitted. The
weld bead was then leveled with the base metal. This was done because a

slight sink=in of the weld bead had occurred during welding. The weld bead was
subsequently ground flat with_the base metal. The base metal and weld metal
specimens were heat treated and aged per BAC 5616. The specimens were
mechanically cleaned by air blasting with glass beads.  The weld metal specimens

were penetrant inspected per BAC 5423 and radiographically inspected per BAC 5915.

To introduce surface flaws, a starter notch with a terminating radius of less than
0.008 cm (0.003 in) was electric discharge machined (EDM) into the specimen. The
EDM starter notch was then extended using low stress/high cycle fatigue; periodic
examinations were conducted, using a microséope, to determine when a fatigue crack
had been initiated around the entire periphery of the EDM notch. Between 1,600

to 70,000 cycles at stresses ranging from 207 MN/m2 (30 ksi) to 483 MN/m2 (70 ksi)
were required to extend the precracks in the Inconel specimens, depending upon the
EDM starter notch sharpness and depth relative to the specimen thickness. The pre-
cracking operation was done in air at RT at a frequency of 30 Hz (1800 cpm). The
specimens were then subjected to a simulated resin cure cycle at 340°K (150°F) for

3 hours followed by 420°K (300°F) for 5 hours.

3.2.2 2219-Té2 Aluminum Specimens

The 2219-T62 aluminum base metal and weld metal uniaxial specimens were fabricated

per the sketches presented in Figures 20, 21 and 22. The welded specimens shown in

[T= Annealed in a vacuum at 1325°K (1925°F) for 30 minutes followed by
a rapid quench by flooding the furnace with nitrogen gas.

[Z= Heated in air at 978°K (1300°F) for 20 hours and air cooled.
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Figure 22 were initially machined down in the test section to about 0.63 cm

(0.25 in) prior to welding while the welded specimens shown in Figure 21 were
welded in the stock sheet thickness of 0.32 cm (0.125 in). All weld metal speci-
mens were GTA welded per BAC 5935, Class "A", by laying a bead-on-plate with
full penetration using 2319 aluminum weld wire. No repair welds were permitted.
The base metal and weld metal specimens were machined down in the test section to
0.23 ¢cm (0.090 in) and 0.46 cm (0.18 in) for the two different thicknesses of speci-
mens required. The base metal and weld metal specimens were then solution
treatedbdnd cgedl>per BAC 5602. The weld metal specimens were penetrant
inspected per BAC 5423 and radiographically inspected per BAC 5915. Surface cracks
were introduced into the aluminum specimens as previously outlined for the Inconel
specimens, except that precracking stresses were less. Between 5,000 to 50,000
cycles at stresses ranging from 83 MN/m2 (12 ksi) to 138 I‘\/\N/m2 (20 ksi) were re-

quired to extend the precracks. The specimens were then subjected to a simulated

resin cure cycle as described in Paragraph 3.2.1.
3.2.3  Cryostretched 301 Stainless Steel Specimens

The cryostretched 301 stainless steel base metal and weld metal uniaxial specimens
were fabricated per the sketches presented in Figures 23, 24 and 25. The weld

metal specimens were GTA welded per Arde’ welding specification AES 501C by

laying a bead-on-plate with full penetration using 308L filler wire. No weld repairs
were permitted. After welding, the weld beads were ground flush with the base

metal. The base metal and weld metal specimens were then cleaned per Arde' speci-
fication AES 253D, annealed per AES 25TA , pickled per AES 250D and passivated
per AES 254C. The weld metal specimens were penetrant inspected per AES 4518

and radiographically inspected per AES 450. Surface cracks were introduced into the
301 specimens as previously outlined for the Inconel specimens. The precracking was

done after annealing and prior to cryogenically prestressing the specimen when testing

[ Heated in air at 808°K (995°F) for 4 hours and then immediately
quenched in water.

D Aged in air at RT for 96 hours and then aged in air at 463°K (3750F)
for 36 hours.

[> Heated in air at 1340°K (1950°F) for 15 minutes and then immediately quenched
in water. 15



was first initiated. It was observed (Figure 82) that the fracture stress was reduced
for these specimens as the precracking stress increased. The smaller the crack size,
the higher the stress required to precrack it. Between 1,000 and 65,000 cycles at
stresses ranging from 207 MN/m2 (30 ksi) to 345 MN/m2 (50 ksi) were required.

This reduction in fracture stress with an increase in precrack stress was probably caused
by cold working (at RT) the material at the crack tip during precracking. This in turn
caused the material in the vicinity of the crack front to be very brittle and thereby
inducing premature failure. The problem was eventually solved by re-annealing the
specimens per AES 351A after precracking. This essentially would return the material
at the crack front to a dead-soft condition. Further discussion of the results obtained
are presented in Paragraph 4.3.2, After re-annealing, the 301 specimens were sub-
jected to a prestress cycle of 932 I\/‘\N/m2 (135 ksi) at 78°K (-320°F). The specimens
then received a simulated resin cure cycle as described in Paragraph 3.2.1 for the

Inconel specimens.

3.3 Biaxial Specimen Fabrication

3.3.1 Inconel X750 STA Tanks

Cylindrical metal shells with hemispherical heads were fabricated per SCI assembly
specification ?141-10. A sketch of the shell is shown in Figure 26. The cﬂindricql
portion of the shell was roll formed, seam welded, and weld bead leveled in the
same manner as the uniaxial Inconel X750 specimens (Paragraph 3.2.1). No repair
of the weld was permitted in the longitudinal seam of the cylindrical shell. The
material used for the cylindrical portion was 0.10 cm (0.040 in) thick and was made
from the same heat of material (HT 76C7X5) as the uniaxial specimens. Boilerplate
hemispherical heads of annealed Inconel X750 were welded to the cylindrical portion
and the assembly was heat treated, aged and inspected per the specifications outlined

for the uniaxial Inconel specimens (Paragraph 3.2.1).

Surface cracks were introduced into the outside of the cylindrical portion of the metal
shells by machining a starter notch as was done with the uniaxial specimens, and then

the shells were internally pressurized at 1 Hz (60 cpm) with hydraulic fluid to precrack
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the flaws. Shells to be burst tested contained only one flaw whereas those to be
cyclic tested contained two flaws; one in the base metal and one in the weld
metal. The two flaws were located circumferentially , # rad, (1800) apart, and
axially about 10 ¢cm (4 in) apart as illustrated in Figure 27. The tank with two
flaws presented a potential precracking problem in that the fatigue cracks of both
starter notches would not initiate at the same time, nor propagate at the same rate.
This problem was due to inherent differences in the starter notch sharpnesses, flaw
depths, local stress levels and base metal and weld metal properties. Thus, one
flaw would reach its final dimensions while the other flaw would only be partially
fatigue cracked. To obtain sharp crack fronts on both flaws and have the desired
flaw size, the following technique was used. First, the tank was cyclic pressurized
at a low stress level just as was done for a liner containing a single flaw. Both
flaws were observed using a 10x microscope until one flaw reached its desired
dimensions. Cycling was then terminated and a rigid restraining ring (see Figure 28)
was positioned over the flaw that had been precracked and around the shell circum=-
ference to substantially reduce the local radial displacement, and consequently the

shell stresses upon further low stress pressure cycling.

In order to provide a close fit between the restraint ring and the cylinder (required

if cylinder displacements were to be significantly reduced), Teflon tape was used to
fill the small gaps that existed. To verify that the hoop stresses were reduced under
the restraining ring, strain gages were installed on the first shell containing two flaws.
The measured hoop stress was reduced to about 30% of that in the non-restrained

cylindrical portion,

The surface flaws in the cylindrical portion were oriented in one of two directions;

with the plane of the flaw parallel to the longitudinal axis of the shell or at m/4 rad.
oy . . .

(457) to the same reference axis. These flaw orientations are referred to as O rad.

(Oo) and /4 rad. (450) flaws, respectively.

From 6,000 to 42,000 cycles were required for precracking the Inconel shells, using
pressures that ranged from 3.5 N\N/m2 (500 psi) to 5.2 MN/m2 (750 psi). These
pressures corresponded to hoop stresses of about 276 MN/m2 (40 ksi) and 414 Ml\l/m2
(60 ksi), respectively.

17



The majority of the surface flawed Inconel shell assemblies were hoop overwrapped
with S—glass and epoxy resin per SCI fabrication procedure 1269298 and burst and

cyclic tested. The remaining surface flawed shells were burst and cyclic tested as

all-metal tanks with no overwrapping.

Overwrapped and non-overwrapped tanks were fitted with surface flaw breakthrough
detection devices. The uniaxial static fracture and cyclic life data had demon-
strated that flaw growth through-the~thickness of the specimen was a common occur-
rence with the materials investigated. Because of this, a device was necessary to
detect the instant of flaw breakthrough in the overwrapped tanks, as well as in the
non-overwrapped tanks, The breakthrough device had to work at liquid nitrogen
temperatures and at ambient conditions, Observing the internal pressure for a pressure
loss associated with flaw breakthrough was not feasible because of the very small
amounts of liquid leaked at the instant of breakthrough.  The system that was used
successfully throughout the tank testing phase of the program is illustrated in Figure 29.
A cylindrical hole was EDM into the surface flaw starter notch (prior to precracking)
and a small tube (fabricated from a hypodermic needle) was inserted into this hole.
For non-overwrapped tanks, the tubes were epoxied in place with Epon 901 and then
the tank was subjected to a simulated resin cure cycle (to simulate thermally what an
overwrapped tank would experience) at 340°K (150°F) for 3 hours followed by 420°K
(300°F) for 5 hours. This simulated resin cure cycle was conducted in air. For over-
wrapped tanks, the tubes were epoxied in place with NASA resin #2 and cured at
3450K (160°F) for 8 hours followed by 420°K (300°F) for 15 minutes, During subse~
quent overwrapping the S-glass tape was split to straddle the tube. The composite
tank was then cured at 348°K (165°F) for 4 hours, 360°K (190°F) for 2 hours, followed
by 420°K (300°F) for 4 hours.

3.3.2 2219-T62 Aluminum Tanks

Cylindrical metal shells with hemispherical heads were fabricated per SCI assembly
specification 9141-11. A sketch of the shell is shown in Figure 30. The cylindrical
portion of the shell was roll formed and seam welded in the same manner as the

uniaxial 2219 aluminum specimens (Paragraph 3.2.2), No repair of the weld was
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permitted in the longitudinal seam of the cylindrical shell. The material used
for the cylindrical portion was 0.32 cm (0.125 in) thick and was made from the

same heat of material as the uniaxial specimens.

Leveling of the longitudinal weld bead was performed in the as-welded condition.
This leveling procedure which was not used on the uniaxial specimens did cause
some premature failures of the tank specimens. The plastic straining resulting from
this seam leveling resulted in abnormal grain growth in the vicinity of the weld
fusion line during subsequent solution treatment and aging. If 2219 aluminum in the
0 temper is plastically strained a critical amount, from 2 to 7%, this situation will
result. Coincidental with the abnormal grain growth is the formation of heavy grain
boundary networks of the intermetallic compound, CuA|2, resulting in a very brittle
structure. Fortunately, surface flaws were introduced into the weld metal centerline

(@) where the microstructure was of normal proportions,

Boilerplate hemispherical heads of 2219-0 aluminum were welded to the cylindrical
portion and the assembly was solution heat treated, aged and inspected per the
specifications outlined for the uniaxial aluminum specimens (Paragraph 3.2.2). An-
other welding problem resulted in the premature failure of a few aluminum tanks.
These failures resulted from an inadequate argon purge in the shell when attempting

to weld the head-to-cylinder joint which, in turn, caused cracks.

Surface flaws were introduced in the aluminum shells in the same manner as the
Inconel shells (Paragraph 3.3.1). From 1,300 to 30,000 cycles were required for
precracking the aluminum shells, using pressures that ranged from 2.7 MN/m2 (390 psi)
to 3.9 N\N/m2 (560 psi). These pressures correspond to hoop stresses of about

97 MN/m2 (14 ksi) and 138 MN/m2 (20 ksi), respectively.

The majority of the surface flawed aluminum shell assemblies were hoop overwrapped
with S-glass and epoxy resin per SC| specification procedure 1269301 and tested
while other shells were tested as all-metal tanks. The same resin cure cycle and
flaw breakthrough detection device as outlined in Paragraph 3.3.1 for the Inconel

tanks were used for the aluminum tanks.
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3.4 Uniaxial Specimen Test Procedures

Uniaxial specimens were tested to determine the mechanical properties, static fracture

and cyclic life characteristics. The static fracture and cyclic life specimens were
all surface flawed. All specimens containing flaws were instrumented with pressure
cups as depicted in Figure 31, Low pressure, 3.45 kN/m2 (5 psi), gaseous helium
was supplied to the pressure cup opposite the surface flaw during specimen test. The
non-pressurized pressure cup transducer output was observed as a function of uniaxial
specimen load on an x-y plotter during the test to determine if and at what load the
surface flaw broke through-the-thickness. This device wasused at RT and in liquid

nitrogen at 78°K (4320°F).

3.4.1 Inconel X750 STA Tests

Base metal and weld metal mechanical properties were determined by testing the
specimen configurations shown in Figure 17. For welded specimens the weld nugget
was instrumented with back-to-back strain gages in addition to @ 5.1 cm (2.0 in)
gage length extensometer, whereas the base metal specimens used only the extenso-
meter. The mechanical property tests were conducted using a strain rate of 0,005
minufes_] until the material yield strength was exceeded; the strain rate was then

-1
increased to 0,10 minutes  until failure.

Static fracture base metal and weld metal specimens (Figures 18 and 19) were tested
at a loading rate such that failure resulted in about one minute after initial load
application. Specimens tested in air at RT were loaded directly to failure, whereas
specimens tested in liquid nitrogen at 78°K (-320°F) were first loaded (to simulate
sizing a hoop overwrapped tank) to a stress of 850 MN/m2 (123.3 ksi) at RT and
unloaded. This necessitated that the specimens tested in liquid nitrogen have flaw

depths less than that which would cause RT failure at 850 I\/\N/rn2 (123.3 ksi).

Cyclic life base metal and weld metal specimens (Figures 18 and 19) tested at RT
were sized to a stress of 850 MN/m2 (123.3 ksi) at RT and then sinusoidally cycled
at 0.8 Hz (50 cpm) until the flaw grew through-the-thickness. The maximum cyclic

stress level was equal to or less than the sizing stress. Cyclic life specimens tested
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in liquid nitrogen were sized to a stress of 850 MN/m2 (123.3 ksi) at RT, proofed
to a stress of 960 f\/‘\N/m2 (139.1 ksi) at 78°K (-GZOOF) and then sinusoidally cycled
at 78°K (320°F) until the flaw grew through-the-thickness. The test was terminated
at this point. The maximum cyclic stress level was equal to or less than the proof
stress.  All cyclic testing of uniaxial Inconel specimens was done at a omin/ O ax

ratio (R) of zero.

The majority of the cyclic life specimens tested were instrumented to measure the
flaw opening displacement on the surface as the flaw grew due to cyclic loading.
The change in flaw opening displacement can be related to the change in flaw size
and instantaneous flaw growth rates can be calculated per the analysis outlined in

Paragraph 3.6.3. The displacement measurement device is depicted in Figure 32.
3.4.2  2219-T62 Aluminum Tests

Mechanical properties were determined by testing the specimen configuration as
shown in Figure 20 while the specimen configurations shown in Figure 21 and 22
were used to determine the static fracture and cyclic life characteristics. All of
these specimens were tested using the same procedures as outlined for the uniaxial
Inconel specimens in Paragraph 37.4.1, with the exception of sizing and proof stress
levels. A RT sizing stress level of 332 MN/m2 (48.2 ksi) and 78°K (QZOOF) proof
stress level of 381 MN/m2 (55.2 ksi) were used,

3.4,3  Cryostretched 301 Stainless Steel Tests

Generally, uniaxial 301 specimens tested in this program received a cryogenic pre-
stress to 932 MN/m2 (135 ksi) prior to the testing discussed. As pointed out in
Paragraph 3.2.3, the surface flaws were introduced into the uniaxial 301 specimens
to be used for fracture testing prior to the cryogenic prestress cycle. Mechanical
properties were determined by testing the specimen configuration shown in Figure 23
and by instrumenting fracture mechanics specimens (Figures 24 and 25) outside of the
flaw area. Figure 23 mechanical property specimens were instrumented with a 5.1 cm
(2.0 in) gage length extensometer. Figure 24 and 25 fracture specimens were instryu-

mented with extensometers having 1.3 cm (0.5in) and 2.5cm (1.0 in) gage lengths,

21



TRy © s | m

1

© L

gl

(TR

il

W

respectively. The mechanical property tests conducted using Figure 23 specimens,
-1 . . .
used a strain rate of 0.005 minutes  until the material yielded, then the strain

-1 . .
rate was increased to 0.10 minutes  until failure,

Static fracture base metal and weld metal specimens (Figures 24 and 25) were tested
so that failure resulted in about one minute after initial load application. Speci-
ments tested in liquid nitrogen at 78°K (—320°F) were loaded directly to failure.
Specimens failed in RT air were first loaded to 1442 N\N/m2 (209.2 ksi) in liquid

nitrogen (to simulate sizing a hoop overwrapped tank) and then unloaded.

Cyclic life base metal and weld metal specimens (Figures 24 and 25) tested in liquid
nitrogen were sized to a stress of 1442 MN/m2 (209.2 ksi) in liquid nitrogen and
then sinusoidally cycled" at 0.8 Hz (50 cpm) until the flaw grew through-the-thickness.
The maximum cyclic stress level was equal to or less than the sizing stress. Cyclic
life specimens tested in RT air were sized to a stress of 1442 MN/m2 (209.2 ksi) in
liquid nitrogen, proofed to a stress of 1237 N\N/m2 (179 ksi) at RT and then sinus-
oidally cycled at RT until the flaw grew through-the-thickness. The test was
terminated at this point. The maximum cyclic stress level was equal to or less than

the proof stress. All cyclic testing of uniaxial 301 specimens was done at an R

ratio of zero.

3.5 Biaxia! Specimen Test Procedures

Burst and cyclic life tests were conducted with overwrapped and non-overwrapped tanks
at RT and 78°K (-320°F). The test setup for the RT festing is shown in Figure 33,
while the setup for the liquid nitrogen testing is shown in Figure 34, Test setup
schematics are presented in Figures 35 and 36, respectively. The leak detection
tubes that were installed in the surface flaws during tank fabrication (see Figure 37)
were connected to a very sensitive pressure transducer to record the instant of flaw
breakthrough if it occurred during the test. A closed circuit camera was also used

as a backup to detect flaw breakthrough at RT. The pressurant (hydraulic fluid) would
permeate the overwrap material when the liner flaw grew through-the-thickness. In
addition to the breakthrough detection devices, a hoop deflection measurement device

was installed for each test as shown in Figure 38. A nichrome wire was wrapped
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around the tank and each end was connected to one clip gage arm. The clip
gage arm was strain gaged and calibrated to record displacements. As the tank
was pressurized, the growth in tank circumference was recorded as the cantilevered
arms of the clip gage were displaced. This device was calibrated directly in the
test environment; either RT air or liquid nitrogen. Tank pressure versus hoop dis-
placement was recorded for each test. On some selected overwrapped tank burst
tests, the longitudinal displacement in the cylindrical portion of tank was recorded
using a wire/clip gage device connected between two thumbtack type hard points

which were positioned firmly in place by the overwrap materiaf.

Tanks to be RT burst tested were pressurized directly to failure. The pressurization
rate was such to cause failure in from one to two minutes after pressure initiation.
Tanks to be burst tested at 78°K (-3200F) were first sized at RT, The overwrapped
Inconel and aluminum liners were sized at 19,6 I\/\N/m2 (2840 psi) and 16.8 MN/m2
(2430 psi), respectively. The non-overwrapped all-metal tanks burst tested at 78°K
(-320°F) were first exposed to a simulated sizing pressure cycle of about 10.6 f\/\N/m2
(1530 psi) and 9.5 MN/m2 (1375 psi) for Inconel and aluminum, respectively. These
pressures cause hoop stresses that correspond to that experienced in the overwrapped

tank liner during sizing.

Tanks to be RT cycled were first sized to the pressures outlined earlier in Paragraph
3.5. RT cyclic operating pressures of 17.8 MN/m2 (2580 psi) and 14.1 MN/m2

(2040 psi) were used for the overwrapped Inconel and aluminum liners, respectively.
Based on the hoop overwrapped tank designs presented in Paragraph 2.2, these

cyclic pressures stressed the liners to a maximum of 85 and 75% of the liner sizing
hoop stress ( os) for the Inconel and aluminum, respectively. The corresponding
operating pressures for the non-overwrapped all-metal tanks were 9.0 MN/m2 (1300 psi)
and 7.1 MN/m2 (1030 psi) for the Inconel and aluminum, respectively. The cyclic
tests conducted at RT utilized an approximate sinusoidal load profile at 0.5 Hz (30 cpm).
Tanks to be cycled at 78°K (-320°F) received a cryogenic proof test after the sizing
cycle and prior to cyclic testing. The overwrapped Inconel and aluminum liners were
proof tested cryogenically at 20.9 MN/m2 (3030 psi) and 17.4 MN/m2 (2520 psi),
respectively. Cryogenic cyclic operating pressures of 18,8 MN/m2 (2730 psi) and
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15.5 MN/m2 (2240 psi) were used for the overwrapped Inconel and aluminum

liners, respectively. These pressures represent 85% of proof hoop stress. The cyclic
tests conducted at 78°K (-320°F) utilized a ramp loading profile with an exponential
decay at about a 0.07 Hz (4 cpm) frequency. No non-overwrapped all-metal tanks

were cyclic tested in liquid nitrogen.

A pressure ratio, p_. /p__, of essentially zero was employed during most of the

min’ " max 2
tank cyclic testing conducted. A minimum pressure of 68.9 kN/m~ (100 psi) was
maintained during liquid nitrogen testing, to prevent excessive boil off of the nitrogen.
The cyclic tests were terminated when the flaw grew through-the -thickness.  The flaw

area was then removed from the tank and pulled apart to reveal the flaw face.

3.6 Analysis Procedures

3.6.1  Stress Analysis of Uniaxial Specimens

As noted in the introduction, elosﬁc/plcxsﬁé deformation of the metal liners takes
place during the sizing operation. This deformation in the hoop direction for the
hoop GFR Inconel and aluminum tanks (presented in Paragraph 2.2) at the sizing
pressure is about 1%, To duplicate the liner hoop stress levels at sizing in uniaxial
specimens would also require about 1% strain. The hoop GFR vessels designed in
Paragraph 2.2 do not permit liner yielding in the longitudinal direction at the sizing
pressure and, therefore, the amount of hoop strain is considerably greater than if the
stress field was 1 to 1 and plastic in both directions. If the design vessel had a true
1 to 1 stress field in the metal liner (such as a completely overwrapped GFR cylinder),

the uniaxial strain would have to approach 2% if stresses at sizing were to be matched

between the liner and the uniaxial specimen. Because of the relatively small amounts -

of strain involved at the sizing pressure with hoop GFR Inconel and aluminum tanks,
engineering stresses (as opposed to true stresses) based on the original material thick-

ness are adequate fo describe their behavior up to at least the sizing stress level.

The same situation does not exist for the hoop GFR cryoformed 301 tanks. As pointed
out in Paragraph 2.2, a 301 liner must receive a cryo-prestress to about 932 MN/m2

(135 ksi) prior to being overwrapped and sized to bring the material up to the desired
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strength level, For the heat of 301 material investigated in this report, about

13% uniaxial strain would be required to achieve the prestress level of 932 MN/m2
(135 ksi) as shown in Appendix A, Figure A-19. An unreinforced cylindrical liner
would not require as much hoop straining to reach the same prestress level, but be-
cause of the significant deformation involved during prestressing, considerable thinning
of the material results. Significant errors would be introduced into the tank analysis
if engineering stresses were used which were based on the original liner thickness
prior to prestressing. To handle this situation the liner properties, such as stress/
strain characteristics and thickness, after prestressing were used in the Reference 2
computer program to design the hoop GFR 301 tanks, The same approach was utilized
in analyzing the cryostretched 301 uniaxial specimens. The prestress cycle was based
on the original specimen cross sectional area, but all load cycles applied thereafter
were based on the cross sectional area at the end of the prestress cycle.  The amount
of strain at the cryogenic sizing stress level approaches 2% for both the hoop GFR
tank and uniaxial specimens made of cryoformed 301 material, and engineering stresses
can be used satisfactorily within this strain level. It should be mentioned that this
relatively high amount of strain (2%) in a hoop GFR pressure vessel is a result of
sizing at a temperature of 78°K (-GZOOF) where the filaments can be strained to a

higher value than at RT.
3.6.2  Stress Analysis of Bioxial Specimens

The non-overwrapped metal shells were analyzed using the following equations:

L
- o _
L6 -~ oy M
2fL
p[—)L
0, = — (2)
Le 4t
where
%9 liner hoop stress
O = liner longitudinal stress

internal pressure

e
it
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il

mean liner diameter

liner thickness

The overwrapped tanks were analyzed for hoop stresses using the pressure/hoop dis-

placement curves obtained during each loading cycle of the tank, while the longitudinal

stresses were defined by Equation (2) above. The filaments were assumed to be elastic

and full effective throughout the test of the tank. The initial "as fabricated" stress

situation in the overwrapped tank was defined assuming no loss in filament tension

during the cure cycle, The prestress in the filaments can be calcuated from the ex-

pression:
% ps
where
% ps
TSF
Af

Thus, the filament

g =

fps

The hoop prestress

%Lps

where

Lps

= filoment prestress

= tension per strand = 125 N (28 Ibs)

6 in2)

= cross-sectional area of strand = 2710 pcm2 (420 x 10~

prestress is

— . = 460 MN/m2 (66.7 ksi)

in the metal shell is defined by the relationship

ff .
= —<T> Ufps (4)

= liner prestress

= filament thickness
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Thus, the hoop prestress in the metal is only a function of the metal shell thick-

ness for a specific wrap pattern, For the GFR Inconel tank

4,73 TURNS/cm/layer x 4 layers x 2710 u cmz/furn

_,.
il

0.049 cm (0.01932 inch)

The filament stress ( of) at any pressure can be calculated from the expression:

AL s
% T %ps T E <T) ®)
where 7 o
Ef = filament modulus of elasticity at ambient temperature =
85.5 GN/m2 (12.4 x 106 psi)
A = measured circumferential deflection
L = circumference of GFR cylinder = W(DL + 2 tc)
DL = outside diameter of metal liner
o 0.076 cm (0.030 in) for GFR Inconel
t = composite thickness
¢ 0.074 cm (0.029 in) for GFR aluminum

A hoop load balance on the metal cylinder at any pressure defines the liner hoop

stress ( aLe) as

i
0L0= 20L¢- af (T) (6)

The longitudinal liner stress ( OL¢) is defined by Equation (2).

After the tank has been sized and filled with liquid nitrogen, a new zero pressure
stress state exists in the filaments and metal shell. The assumption of strain com-

patibility between the two shells during the fill process results in the relationships:
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o, \78°K /ap \295°K

f f

Ae =<Ep’> - (—Eﬁ) + ag AT 7)
f f

o o
oLps 78 K aLps 295°K
L L .
where

Ae = change in hoop strain due to temperature change
a. = coefficient of thermal expansion of filaments (see Table 2)
o = coefficient of thermal expansion of liner (see Table 2)
AT = change of temperature from ambient to liquid nitrogen

A load balance of the filament and liner shells at zero pressure and liquid nitrogen

temperature yields the relationship:

t o
78°K L) 787K
Ofps  * -<ff) OLps (9)

Combining the strain compatibility relationships of Equations (7) and (8) with
Equation (9) and solving for the hoop stress in the metal shell at zero pressure and

liquid nitrogen temperature results in the expression:

0, \295% /o, \295°K
(™ e ™o
- 78°K L f |

aLps = ' o
L L 78°K
| — +|| 5 E,
E 78 K f

(10)
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Equations (2), (5) and (6) can now be used to calculate stresses in the filaments
and metal shells at liquid nitrogen temperature for any set of pressure/hoop displace-
ment data using the liquid nitrogen, zero pressure filament prestress resulting from

Equations (9) and (10).

As mentioned at the beginning of Paragraph 3.6.2, the filaments were assumed to be
elastic and fully effective throughout the test of the tank. This is consistant with
results obtained in past test evaluations of glass filament-wound pressure vessels. How-
ever, if at very high filament stresses breakage of some filaments does occur, the
overwrap stiffness would be effectively reduced; this condition would give rise to greater
hoop displacements and if the elastic/fully effective overwrap analysis presented in the
preceding paragraphs was applied, erroneous liner stresses would be calculated. The
liner would be taking a greater load and consequently the overwrap a lesser load than
calculated. Detailed analysis of some hoop GFR Inconel tank tests presented in Para-
graph 5.1.2 suggests that this situation, or some other unexplained behavior, may

have occurred,

Typical of some of these tests was Specimen BS-31, where the stress in the liner was
calculated to increase until exceeding the sizing pressure and then decreased with
increasing pressure to tank failure, Physically, this is not possible if the liner does

not neck locally. The tank was inspected after the test and no signs of necking were
observed in the liner. The filament stresses were calculated to be 2460 MN/m2 (356 ksi)

at tank failure, This phenomena is discussed in more detail in Paragraph 5.1.2.

The RT GFR aluminum tank tests did not strain the filaments to as high a level as did the
GFR Inconel tanks and the problem discussed above was not encountered. The problem
even in the GFR Inconel tanks, is somewhat academic since the analysis problems occur
at pressures above the sizing pressure, which an actual tank to be put into service

would never experience. The effect of the problem would be to slightly overestimate

the vessel burst pressure capability.
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3.6.3 Fatigue Crack Growth Rate Analysis

As mentioned in the introduction, fracture mechanics methods have not been developed
to describe the failure or service life of flawed structures stressed to levels consid-
erably above the yield strength of the material. Rather than attempt to develop new
analysis tools or presentation methods, some techniques already employed in elastic
fracture mechanic analysis of surface flaws were modified or applied directly to tests
described in this report. This was particularly true in the area of fatigue crack growth
rates. Investigators have shown that the fatigue crack growth rates due to tension load-

ing can be adequately expressed as a function of stress intensity according to the expression

n ,
— = CAK 11
dN ()
where
da/dN = fatigue crack depth growth rate
C = constant
AK = K -K .
max _  min
K = stress intensity
n = consfant

In general, the fatigue crack depth growth rates in this program were determined for

the specimens that were cycled using the following expression

da e =%
aN N (12)
where
a, = initial flaw depth
ay = final flaw depth
N = number of cycles
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The fatigue crack depth growth rates were then plotted on log-log paper as a function of
stress intensity based on the maximum fension stress level, The results showed that equation
(11) adequately expressed the relationship between da/dN and K, Stress intensity cal-

culations for the surface flaws were based on Irwin's equation (Reference 3): )

Ky = l.lo (%)'/2 (13)
where
KI = plane strain stress intensity
o = applied stress field
a = semi-elliptical crack depth (see Figure 10)
Q = flaw shape parameter (see Figure 39)
- (&1 0.212 (o/ays)2
¢ = complete integral of the second kind
ayLD = material yield strength

Equation (12) was not used to determine the fatigue crack growth rates for some
Inconel and aluminum specimens. These specimens were instrumented with a crack
opening displacement (COD) device as shown in Figure 32 so that the crack depth as
a function of applied cycles could be determined and consequently instantaneous crack
growth rates. The COD for a surface flaw can be approximated by the expression

(details are presented in Reference 4).

_ oa
6= Vel (14)

where

—
|

constant

[ since the sizing cycle takes place above the materigl yield strength,
the sizing stress or proof stress (if applicable) was used as the material
yield strength.
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The value of J can be determined at test initiation and termination from knowledge

of the stress level, initial and final flaw sizes, and the corresponding COD as indi-

cated below:

"

4 (8

Ji= o a i
(15)
. (&
JJ— o (a>J

where the subscripts i and ij refer to initial and final conditions, respectively.

The value of J tends to increase with increasing crack size, rather than remain
constant, Crack growth rate calculations in this report were based on an assumed

linear variation in J between the known initial and final values.

In order to relate the flaw parameter (a/V Q) to & for values of (a/V Q) between

the initial and final values an assumption must be made as to the manner in which

the flaw shape changes from test initiation to termination. It was assumed that
a-a, 2¢c - (2c)i
= 16)
= 5 - (
T ( c)j (ic;i

i.e., both flaw depth and width growth simultaneously reach the same percentage of
their respective total growth from initial to final values. The flaw shape parameter
(Q) can now be determined as a function of flaw depth and, in turn, can be related

to crack depth using Equation (14). The number of cycles (N) corresponding to

each selected flaw depth value can be determined from the test record and, consequently,

the change in N for each increment of flaw depth is known. A series of da/dN

data points are then derived from a single specimen where COD measurements are made

and analyzed per the above discussion, as opposed to a single data point for a non-

instrumented test specimen.

Consequently, fewer instrumented specimens are required to adequately define the fatigue

crack growth rates as a function of stress intensity.
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4.0 PRESENTATION AND ANALYSIS OF UNIAXIAL RESULTS

The data from all uniaxial tests conducted in this program are presented in this
section. The results include mechanical property, static fracture and cyclic life

tests of the three candidate liner materials; Inconel X750 STA, 2219-Té2 aluminum

and cryostretched 301 stainless steel.
4.1 Inconel X750 STA Uniaxial Results

4.1.1 Mechanical Properties

The results of the mechanical property tests are presented in Table 8 for the Inconel
base metal and weld metal investigated. A summary of the yield strengths (0.2%
offset) and ultimate strengths is presented below for the 0.10 cm (0.040 in) thick

material :

Temperature | Strength, MN/m2 (ks?)

Material o. .0
K (P Yield Ultimate
295 762.6 1228.7
Base (72) (110, 6) (178.2)
Metal 78 846.0 1520.3
(-320) (122.7) (220, 5)
295 768.1 1172.2
Weld (72) (111, 4) (170.0)
Metal 78 850.8 1437.6
(-320) (123, 4) (208, 5)

These values were obtained parallel to the rolling direction.
4.1.2  Static Fracture Tests

The results of the Inconel static fracture tests are presented in Figures 40 through
45 while the test parameters for each specimen are detailed in Tables 9 through 14.
Figures 40 and 41 presents the static fracture failure loci as a function of initial

flaw depth (ai) for the 0.10 cm (0.040 in) thick base metal material at 295°K (72°F)
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and 78°K (—320°F), respectively. The data shows that as the flaw shape (a/2¢) is
decreased, the failure stress also decreases for a constant flaw depth. In other
words, the most critical flaw shape for static fracture is a long shallow flaw with
an aspect ratio approaching zero. This was true for tests conducted at 295°K
(72°F) and 78°K (-320°F). A considerable amount of data was developed at an
a/2c of about 0.2 and as the RT results indicate, the failure locus changes mode-

of-failure at a stress slightly above the sizing stress (o’s). The mode-of -failure

changes from a leck to a fail mode at this point. Leakage of these specimens appeared

to occur instantaneously with the resulting back side flaw equal in length to the surface

flaw length. It also appears that at a constant stress level as the flaw shape ratio
decreases the mode-offailure changes from one of leakage to failure. The mode-of-
failure at 78°K (—320°F) was failure regardless of stress level or flaw shape. It is
interesting to point out that the cryogenic proof test to the offset yield strength did
not screen a smaller flaw than was screened by the RT sizing cycle for the 0.10 cm

(0.040 in) base metal material,

A test was conducted to verify that the specimen width was adequate for the static
fracture testing. In general, ‘the static fracture testing of the 0.10 cm (0.040 in)
Inconel material was done with specimens having a specimen width (W)-to-flaw
length (2c) ratio (W/2c) of 215, Three specimens were fabricated, two of standard
width and one two times as wide, These specimens were heat treated as a special
run and then flaws of éssenﬁolly the same size were introduced into one of the
standard width and the extra wide specimen. The results of these two RT tests are
presented in Figure 40. Both specimens failed at a slightly higher stress (less than
10%) than the data generated with the standard width specimens heat treated as a
regular run. The remaining standard width specimen (B-15) was then instrumented

with an extensometer and pulled to failure to verify that all three specimens heat

treated as a special run had the same mechanical properties as the other test specimens.
The result of this test is presented in Table 8. Specimen B-15 showed a yield strength

of about 10% higher and an ultimate strength of about 6% higher than the corresponding

tensile specimens heat treated previously. This difference in mechanical properties
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could easily account for the slightly higher failing stresses for the two fracture

specimens. It is believed that the specimen width was sufficiently wide during the

static fracture tests.

A summary of the critical flaw depths at the sizing stress and proof stress for
0.10 cm (0.040 in) thick Inconel base metal is presented at the end of Paragraph
4.1.2,

Figures 42 and 43 present the static fracture failure loci for the 0.10 cm (0.040 in)
thick weld metal material at 295°K (72°F) and 78°K (-SZOOF), respectively. The
critical location for the surface flaw in the weld material was first established.

Surface flaws were introduced into three areas; (1) the weld centerline (¢), (2) be-
tween the weld ¢ and the fusion line, and (3) heat affected zone (HAZ). As the

RT results in Figure 42 indicate, the three tests yielded essentially the same failure
stress with the one with the flaw located in the weld centerline slightly lower than

the other two. Based on this result, all Inconel weld metal specimens were tested with

flaws located in the weld centerline.

Essentially, the same results were observed for the Inconel weld metal as the base

metal with regard to failure stresses, effects of flaw shape and mode-of-failure. The

one disturbing thing was the inconsistency of the data generated. The curves pre-
sented in Figures 42 and 43 were completely defined when two RT and two 78°K (-3200F)
failures were obtained (while attempting to size or proof specimens for cyclic life deter-
mination) which were lower than the expected failure locus at both test temperatures.
Two of the specimens had been accidently subjected to a total of 60 hours at 420°K
(300°F) during the simulated resin cure cycle while the other two specimens were
originally visually rejected due to weld quality. The rejected weld specimens were in-
tended to be cyclic tested at the end of the program to fill in data gaps. It is believed
that the additional time at 420°K (300°F) did not alter the fracture characteristics of

the weld metal, but that a more brittle weld existed in some specimens for presently
unknown reasons. The welds were all made and inspected per BAC specifications as

outlined in Paragraph 3.2.1. It was concluded that minor processing differences
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(e.g., welding) of Inconel X750 STA can have significant affects on the fracture
characteristics. In light of this, the static fracture data presented herein should

be used with caution,

The data presented in Figure 43 indicates that the cryogenic proof test does screen
a smaller flaw than does the RT sizing cycle. A summary of the critical flaw depths
at the sizing stress and proof stress for 0.10 cm (0.040 in) thick Inconel weld metal

is presented at the end of Paragraph 4.1.2.

Figures 44 and 45 present the static fracture failure loci for the 0.33 cm (0.13 in)
thick base metal and weld metal material at 295°K (72°F) and 78°K (-320°F). The
results obtained are similar to the 0.10 cm (0.040 in) thick material results. A
smaller flaw is screened by the cryogenic proof test than screened by the RT sizing

cycle for both base metal and weld metal materials.

A summary of the critical flaw depths at the sizing stress and proof stress for the
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Inconel materials tested is presented below for a/2c = 0.20:

Critical Flaw Depth r(ai

)CI'
Inconel X750 STA cm (Inch)
Material 295:K 78°K
(72°Pp (-320°F)
Base 0.079 0.081
(0.040 Inch) " Weld 0.081 0.069
Metal (0.032) (0.027)
Base 0.198 0.145
0.33 em ~ Metd (0.078) (0.065)
(0.13 Inch) - Weld 0.198 0.188
Metal (0.078) (0.074)
NOTE: o = 850 MN/m2 (123.3 ksi)
0, = 9 MN/m2 (139.1 ksi)
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4,1,3 Growth-on-Loading

The fact that some specimens failed by leadkage when loaded at RT suggests that
stable flaw growth does take place during loading. The amount of flaw growth that
occurred during the sizing cycle and proof test was easily determined on the cyclic
life specimens because the growth that occurred was bracketed by fatigue bands

representing the precrack and cyclic life portions of the test,
P g the p y po

The growth-on-loading results are presented in Figures 46 through 49 for Inconel

base metal and weld metal of both thicknesses tested. In general, the results for

the 0,10 cm (0.040 in) thick material (Figures 46 and 47) showed essentially no
differences in the amount of growth-on-loading which occurred between base metal
and weld metal material and that the growth took place during the sizing cycle. The
growth-on-loading results obtained for the 0.33 e¢m (0.13 in) thick material (Figures
48 and 49) did show significant differences between specimens that were sized only
and those receiving a sizing cycle plus a cryogenic proof test. The specimens receiv-

ing a proof test exhibited more flaw growth than the ones that were sized only.
4,1.4 Cyclic Life Tests

Figures 50 through 57 present the cyclic life data generated for both thicknesses of
Inconel tested as a function of both initial flaw depth (ai) and operating stress ( ao)
while the test parameters for each specimen are detailed in Tables 15 through 22.

The test results were plotted as a a. versus cycles-to-leakage (N) for constant operating

stress levels, This data was used to plot g, versus N for constant a..
i

In general, the cyclic life curves as a function of flaw depth are linear on a semi-
log plot. A few specimens were cyclic tested with the flaw impregnated with resin
to be used in overwrapping the liners. Figures 50 and 52 show that within the normal
data scatter experienced these specimens did not experience cyclic lives any different

than the non-resin impregnated flaw specimens.

All of the cyclic life data was analyzed to determine the flaw depth growth rate as a function

of stress intensity based on the maximum tension stress level, The results of this analysis are
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presented in Figures 58 through 61. These rates were all based on the cyclic growth observed

on the fracture face not including the amount of growth due to the sizing cycle or

proof test. In general, at a given stress intensity the flaw depth growth rates are

faster at RT than at 78°K (-320°F). As the figures show, the growth rate data can

adequately be represented by the equation; da/dN = CK", Values of C and

n for each material, thickness and temperature tested were evaluated and are pre-

sented in Table 23.

apply are also presented in Table 23.

4.2 2219-162 Aluminum Uniaxial Results

4,21 Mechanical Properties

The stress intensity range over which the values of C and n

The results of the mechanical property tests are presented in Table 24 for the

aluminum base metal and weld metal investigated.

A summary of the yield strength

(0.2% offset) and ultimate strengths is presented below for the 0.23 cm (0.090 in)

thick material:

Temperature Strength, MN/m2 (ksi)

Material o. .0 :
K (P Yield Ultimate

295 293.7 431.6

Base (72) (42.6) (62.6)

Metal 78 360.6 524.7

(=320) (52.3) (76. 1)

295 285.5 4151

Weld (72) (41, 4) (60.2)

Metal 78 355.1 508. 2

(=320) (51.5) (73.7)

These values were obtained parallel to the rolling direction.
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4.2,2 Static Fracture Tests

The results of the aluminum static fracture tests are presented in Figures 62 through
65 while the test parameters for each specimen are detailed in Tables 25 through 29.
Figure 62 presents the static fracture failure loci as a function of initial flaw depth
(ai) for the 0.23 cm (0.090 in) thick base metal material at 295°K (720F) and 78°K
(-3200F). As with the Inconel data generated, the aluminum data also shows that
the most critical flaw shape for static fracture is a long shallow flaw with an aspect
ratio approaching zero. The mode-of -failure for all these static fracture tests was
failure. Contrary to most of the Inconel results obtained, the cryogenic proof test
for the aluminum specimens tested did not screen a smaller flaw than did the RT

sizing cycle.

As with the Inconel material, a test was conducted to verify that the specimen

width was adequate for the static fracture testing. In general, the static fracture
testing of the 0.23 cm (0.090 in) aluminum material was done with specimens having
a W/2¢ ratio of 2 7. One of the 0.46 cm (0.18 in) thick aluminum specimens
(Figure 62) was machined down to a thickness of 0.23 cm (0.090 in) while retaining
the 12.7 cm (5.0 in) width. This specimen was flawed so that the W/2c ratio was
approximately 17 and then failed. The result is shown in Figure 62, The result of
the extra wide specimen was within the scatter band of the other data generated

and therefore the specimen width selected for the majority of the testing is believed

adequate.

A summary of the critical flaw depths at the sizing stress and proof stress for 0.23 cm

(0,090 in) thick aluminum base metal is presented at the end of Paragraph 4.2.2.

Figure &3 presents the static fracture failure loci for the 0.23 cm (0.090 in) thick
weld metal material at 295°K (720F) and 78°K (-320°F). The critical location

for the surface flaw in the weld material was first established. Surface flaws were
introduced into three areas; (1) the weld Q, (2) weld fusion line, and (3) weld HAZ,
As the RT results in Figure 63 indicate, no significant differences were noted; with

the specimen with the flaw located in the weld centerline yielding a slightly lower
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failure stress than the other two. Based on this result, all aluminum weld metal
specimens were tested with flaws located in the weld centerline. Essentially the
same results were observed for the aluminum weld metal as the base metal with
regard to the effects of flaw shape and mode-of-failure. The data presented in
Figure 63 indicates that the cryogenic proof test does not screen a smaller flaw than
does the RT sizing cycle. A summary of the critical flaw depths at the sizing stress

and proof stress for 0,23 cm (0.090 in) thick aluminum weld metal is presented at

the end of Paragraph 4.2.2.

Figures 64 and 65 presents the static fracture failure loci for the 0.46 cm (0.18 in)
thick base metal and weld metal material at 295°K (720F) and 78°K (-3209F),
The results obtained are similar to the 0.23 cm (0.090 in) thick material results with

RT sizing cycle screening a smaller flaw than is screened by the cryogenic proof

test.

A summary of the critical flaw depths at the sizing stress and proof stress for the

aluminum materials is presented below for a/2¢ = 0.20:

Critical Flaw Depth (a.,)

I Cr
2219-T62 em (Inch)
Aluminum 295°k 78°%k

72°p) (-320°F)

Base 0.122 0.122

0.23 cm Metal (0.048) (0.048)
(0.090 Inch) Weld 0.091 , 0.091
Metal (0.036) (0.036)

Base 0.224 > 0.224

0.46 cm Metal (0.088) (0.088)
(0.18 Inch) Weld 0.147 0.147
Metal (0.058) 2 (0.058)

NOTE: o, = 332 MN/m” (48.2 ksi)

9, = 381 fv‘\N/rn2 (55.2 ksi)
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4,23 Growth -on-Loading

As with the Inconel cyclic life specimens, growth-on-loading during the sizing cycle
and proof test was observed for the aluminum cyclic life specimens. The amount of
flaw growth-on-loading that occurred was easily determined on the cyclic life speci-
mens because the growth that occurred was bracketed by fatigue bands representing
the precrack and cyclic life portions of the test. The growth-on-loading results are
presented in Figures 66 through 69 for aluminum base metal and weld metal of both
thicknesses tested. As might be expected from the fact that the RT sizing cycle
screens a smaller flaw than the cryogenic proof test, the growth-on-loading took
place during the sizing cycle. The specimens receiving a cryogenic proof test after
a RT sizing cycle did not show any more growth than those specimens receiving only
a RT sizing cycle. This was true regardless of thickness of material tested and whether

or not the material was base metal or weld metal.
4,2.4 Cyclic Life Tests

Figures 70 through 77 present the cyclic life data generated for both thicknesses of
aluminum tested as a function of both initial flaw depth (ai) and operating stress
( ao) while the test parameters for each specimen are detailed in Tables 30 through

37. As with the Inconel cyclic life results the aluminum test results were plotted

“as a. versus cycles-to-leakage (N) for constant operating stress levels and then this

data was used to plot o, versus N for constant a..

In general, the cyclic life curves as a function of flaw depth are linear on a semi-
log plot. A few specimens were cyclic tested with the flaw impregnated with the

resin to be used in overwrapping the liners. Figure 70 and 72 shows that within the
normal data scatter experienced these specimens did not experience cyclic lives any

different than the non-resin impregnated flaw specimens.

All of the cyclic life data was analyzed to determine the flaw depth growth rate as a func-
tion of stress intensity based on the maximum tension stress level, The results of this analysis

are presented in Figures 78 through 81, These rates were all based on the cyclic growth
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observed on the fracture face not including the amount of growth due to the sizing cycle
or proof test., In general, at a given stress intensity, the flaw depth growth rates are faster
at RT than at 78°K (-320°F). As the figures show the growth rate data can adequately be
represented by the equation; da/dN = CK". Valuesof C and n for gach material,

~ thickness and temperature tested were evaluated and are presented in Table 38.

The stress intensity range over which the values of C and n apply are also pre-

sented in Table 38,
4.3 Cryostretched 301 Stainless Steel
4.3.1 Méchcnicol Properties

The results of the mechanical property tests are presented in Table 39 for the
cryostretched 301 stainless steel base metal and weld metal. A summary of the yield
strengths (0.2% offset) and ultimate strengths is presented below for the 0.071 cm
(0.028 in) thick material,

Temperature Strength, MN/m2 (ksi)

Material o. .0
“K (TP Yield Ultimate
78 1349 4 1954.7
Base (=320 (195.7) (283.5)
Metal 295 1197.7 1448.0
(72) (173.7) (210.0)
78 1772.0
Weld (-320) (257.0)
(72) (180. 5)

These values were obtained parallel to the rolling direction.

The mechanical prop-

erties at 78°K (-320°F) were obtained with specimens that were subjected to a
cryogenic prestress ( ops) cycle of 932 MN/m2 (135 ksi) and then loaded to failure
at 78°K (-320°F), The mechanical properties at 295°K (72°F) were obtained with
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specimens that received a cryogenic sizing cycle to 1442 MN/m2 (209.2 ksi) after
the cryogenic prestress cycle of 932 MN/m2 (135 ksi) and then were pulled to
failure at RT. All mechanical property strength values were arrived at based on
the specimen cross sectional area at the end of the cryogenic prestress cycle. The
results presented in the above table do show that the weld metal strengths are about
10 to 15% less than the base metal strengths, The weld bead on these tests were

ground flush with the base metal and re-annealed afterwards.
4.3.2 Static Fracture Tests

The results of the 301 static fracture tests are presented in Figures 82 through 85

while the test parameters for each specimen are detfailed in Tables 40 through 43.

Figure 82 presents the static fracture failure locus as a function of initial flaw

depth (ai) for the 0.071 cm (0.028 in) thick base metal at 78°K (-3200F). An
interesting observation was made while conducting the testing. The initial static
fracture tests were run with specimens that were precracked in RT air at <276 MN/m?2
(40 ksi) and then tested. To generate cyclic life data, specimens with flaw depths
less than about 0.036 cm (0.014 in) were required to successfully pass the cryogenic
sizing cycle to 1442 MN/m2 (209.2 ksi). To fabricate flaws less than this size
required an increase in the precracking stress. As indicated in Figure 82, the result
of the higher precrack stress was to reduce the failure stress of the specimen. In
some cyclic life specimens that received high precracking stresses, but successfully
passed the sizing cycle, a considerable amount of flaw growth -on-loading was ob-
served. It appears that the material work hardens at the crack tip during the pre-
cracking operation, which is a function of the precracking stress level. In order to
eliminate the effect of work hardening the crack tip during precracking, the speci-
mens were re-annealed after precracking. This procedure appeared to solve the
problem. As indicated in Figure 82, a single failure locus adequately describes

the failure behavior of specimens that were re-annealed after precracking or pre-

cracked below 242 MN/m2 (35 ksi).

Because of the precrack stress problem encountered, not as much static fracture and

cyclic life data was generated as originally planned. In particular, the effect of
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flaw shape on the static fracture failure loci was not assessed; only a flaw shape
of = 0.2 was investigated, The mode-of-failure for the valid 0.071 cm (0.028 in)
thick 301 base metal tested was failure at both 78°K (-320°F) and 295°K (72°F).
Only two specimens were tested at RT, and both of them failed at about the
ultimate strength of the material as shown in Figure 82. As with the RT results,
the static fracture data generated at 78°K (—320°F) appears to be independent of
flaw depth when the depth is € 0.039 cm (0.012 in). Failure in specimens with

flaws less than this amount fail at the ultimate strength of the material.

A summary of the critical flaw depths at the sizing and proof stress for the 0.071 cm

(0.028 in) thick 301 base metal is presented at the end of Paragraph 4.3.2.

Figure 83 presents the static fracture failure loci for the 0.071 cm (0.028 in) thick
301 weld metal at 78°K (—320°F) and 295°K (72°F). The critical location for the
surface flaw in the weld material was first established. Surface flaws were intro-
duced into three areas; (1) the weld centerline, (2) weld fusion line, and (3) weld
HAZ. These three specimens were not re-annealed after precracking but were pre-
cracked at a relatively low stress of 276 MN/m2 (40 ksi). As the results in Figure
83 indicate, the specimen with the flaw located in the weld fusion line leaked
during the cryogenic prestress cycle, Based on this result, all 301 weld metal speci-

mens were tested with flaws located in the weld fusion line.

With one importont difference, similar results were observed for the 301 weld metal
and the base metal. As Figure 83 indicates, there is a definite discontinuity in the
failure locus. For flaw depths > 0,030 ¢cm (0.012 in), failure (leak mode) of the
weld metal material can be expected at stresses significantly below that for the

same size flaw in the base metal. For flaw depths < 0.030 cm (0.012 in), failure
(fail mode) of the weld metal material can be expected to approach the base metal
failure stress levels for the same size flaw. The physical change in properties of

301 stainless steel during cryogenic stretch (from an austenitic to martensitic structure)
could account for the discontinuity although the phenomena was not observed in the
0.071 cm (0.028 in) thick base metal or in either the 0.26 cm (0.10 in) thick 301

base metal and weld metal results.
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The data presented in Figure 83 indicates that the cryogenic sizing cycle screens
a flaw that is less than or equal fo that screened by a RT proof test. A summary
of the critical flaw depths at the sizing stess and proof stress for 0.071 cm (0.028 in)

thick 301 weld metal is presented at the end of Paragraph 4.3.2.

Figures 84 and 85 presents the static fracture failure loci for the 0.26 cm (0.10 in)
thick 301 base metal and weld metal at 78°K (<320°F) and 295°K (72°F). The

results obtained are similar to the 0.071 c¢m (0,028 in) thick 301 base metal results,

A summary of the critical flaw depths at the sizing stress and proof stress for the

301 materials tested is presented below for a/2¢ = 0.20:

Critical Flaw Depth (ui)cr
Cryostretched 301 cm (Inch)
Stainless Steel 78°K° 295:K
7 (-320°F) (72°F)
. Base 0.036 s 0.036
0.071 cm Metal (0.014) = (0.014)
0.028 Inch
( nch) Weld 0.028 5 0.028
Metal (0.011) = (0.011)
Base 0.043 > 0.043
0.26 cm Meftal (0.017) (0.017)
0.10 Inch
(0.10 Inch) Weld 0.043 5 0.043
Me tal (0.017) ~(0.017)
NOTE: o = 1442 MN/m? (209.2 ksi)
o, = 1235 MN/m2 (179.0 ksi)
4,3.3 Growth-on-Loading

Flaw growth-on-loading was observed in 301 cyclic life specimens which were not
re-annealed after precracking. In general, the specimens that were re -annealed after
precracking did not exhibit any growth-on-loading with one exception. Specimen

2C-15, Table 48, was sized with an initial flaw depth which was at 95% of critical.
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Considerable flaw growth occurred in this specimen and would have probably failed

if the load had not been immediately dropped to zero.

4,3.4  Cyclic Life Tests

Figures 86 through 93 present the cyclic life data generated for both thicknesses of
301 tested as a function a. and o, while test parameters for each specimen are
detailed in Tables 44 through 51. The test results were plotted as a  versus cycles-
to-leakage (N) for constant operating stress levels. This data was u|sed to plot

o versus N for constant a, . In general, the cyclic life curves as a function

of flaw depth are linear on a semi-log plot. Some cyclic life plots were estimated

from the flaw growth rate data generated during testing.

One important observation was made while cyclic testing the 0.26 cm (0.10 in) thick
301 material. Four specimens failed by fatigue outside of the artificially induced
flaw. Generally, these flaws were semi-circular in shape and initiated on the speci-
men surface. Some failures resulted from the initiation of multiple flaws while other
failures were the result of a single flaw. These failures occurred in the test section
base metal at about 70% of the artificially induced flaw life, (see Figures 91, 92

and 93). The specimen data points with arrows indicates that leakage at the artificially
induced surface flaw would have occurred after more cycles were put on the specimen.
While this difference is not great relative to normal data scatter, it is significant that
the life based on natural defects is less than that based on artificially induced flaws.
It is opparent from these tests that a natural defect is probably somewhat more severe
(higher crack growth rate) than the artificially induced flaw and therefore the 301

fracture characteristics presented herein should be used with caution.

All of the cyclic life data was analyzed to determine the flaw depth growth rates as a
function of stress intensity, based on the maximum tension stress level. The results of this
analysis are presented in Figures 94 through 97. The flaw growth rate data points shown
are based on average values obtained by knowing the initial flaw size, the final flaw size
and the number of cycles. The growth rate is plotted at the average stress intensity value.

This approach is satisfactory in defining a flaw growth rate curve if the test specimens
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are not cycled over a very large stress intensity range (approximately a factor of
two). As the stress intensity range gets larger , the average rate yields values that
are considerably slower than actually experienced. For the Inconel, aluminum,

and the thin 301 cyclic tested, the stress intensity range was relatively small and
consequently average flaw growth rates adequately described the behavior. The thick
301 material tested was cycled to a final stress intensity that was about four times
the initial value. Considerable error would result if an average growth rate analysis
approach was used. [t should be pointed out that this phenomena is not specifically
a 301 material related problem but an analysis problem and could have occurred

with Inconel or aluminum specimens.

Since all cyclic flaw growth rate data generated in this program was adequately described
by the equation; da/dN = CK", it was decided to generate cyclic life curves using various
valves of C and n for the thick 301 and to select the constants which best
described the cyclic life results, Key specimens were selected which were not
cycled over large stress intensity ranges; the actual growth rate curve must pass
through those data points. With this as a baseline, values of C and n were
selected which best described the cyclic life behavior. As Figures 96 and 97 show,
the estimated flaw growth rate curve represents a faster rate than the average rate
values would indicate. Values of C and n for each material, thickness and temp-
erature tested were evaluated and are presented in Table 52. The stress intensity

range over which the values of C and n apply are also presented in Table 52.
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5.0 PRESENTATION AND ANALYSIS OF BIAXIAL RESULTS

The data from all biaxial tests conducted in this program are presented in this
section. The results include pressure/strain, static burst and cyclic life results of

hoop GFR tanks made of Inconel X750 STA and 2219-T62 aluminum.

5.1 Inconel X750 STA Biaxial Results

5.1.1 Pressure/Strain Correlation

Figure 98 presents the extremes of pressure/hoop strain recorded for the hoop GFR
Inconel tanks during the sizing cycle at RT, For comparison purposes the design
curve based on data generated as described in Paragraph 2.2 is presented. As
Figure 98 clearly shows, the hoop strains recorded at the sizing pressure are equal
to or greater than the design value. This difference could be due to variations in
the liner material yield strength, or residual wrapped-in filament prestress, or both.
The differences observed could be accounted for entirely by about a 7% variation
in material yield strength. As pointed out in Paragraph 4.1.2, Inconel X750 STA
yield strengths and ultimate strengths can vary at least 10 and 6%, respectively.
The majority of the hoop GFR Inconel tanks tested agreed very favorably with the
design pressure/strain curve presented in Figure 98, The measured elastic loading
portion of the pressure/strain curves were slightly steeper (indicating a slightly stiffer
structure) than the elastic loading portion of the design curve, whereas the plastic
loading slopes agreed very favorably between the measured and design values. The
unloading portion of the test curves paralleled the elastic loading portion with only

a slight apparent liner inelastic behavior.

As pointed out in Paragraph 2.2, if a tank was to be operated cryogenically it
received a cryogenic proof test to the cryogenic offset yield point after being sized
at RT. This essentially meant that during the cryogenic proof test the tank would
not yield. Figure 99 illustrates what actually occurred in the hoop GFR Inconel
tanks that were cryogenically proof tested. As the figure shows, the tank did yield

slightly at the proof pressure causing a further increase in the liner compression stress.
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5.1.2 Burst Tests

The results of the hoop GFR Inconel and all-metal Inconel tank burst tests are
presented in Figures 100 through 103 while the test parameters for each test are

detailed in Tables 53 and 54. The uniaxial static fracture data presented in

Figures 100 and 102 present the burst test results for surface flaws located in the

base metal and weld metal centerline, respectively; both at RT. Within the range

of stresses and flaw depths investigated, very good agreement between uniaxial

and biaxial data exists, regardless of the orientation of the flaw plane, or whether

the tank was overwrapped or not, The mode-of-failure also agreed between the
uniaxial and biaxial results. The majority of hoop GFR Inconel tanks exhibited

a leak mode-offailure as shown in Figure 104. The hoop GFR Inconel tanks that
exhibited a fail mode-of-failure all failed longitudinally (see Figure 105); the

direction in which no overwrap was present. As noted in both Figures 100 and 102,

the liners of some overwrapped tank burst tests are believed to have been at higher than
calculated stresses at failure or leakage. Generally, these are tests where the filaments
are stressed above 2000 MN/m2 (290 ksi). As mentioned in Paragraph 3.6.2, the stress
analysis used in defining the liner stresses is based on the assumption that the over-
wrap is fully effective and elastic. If the overwrap does not have the stiffness assumed,
or some other effect is occurring to cause an apparent reduction in stiffness, the result
would be to underestimate the liner hoop load. To resolve the problem of the actual
failure stresses in the liners of highly pressurized overwrapped Inconel tanks will require

additional tests and is not a part of the present program.

The burst test results conducted at 78°K (-320°F) in liquid nitrogen are presented in
Figures 101 and 103 for flaws located in the base metal and weld metal centerline,
respectively. Generally, all of these tanks failed or leaked at very high calculated
filament stresses; > 2000 MN/m2 (290 ksi), and consequently, the liner stresses are
believed higher than calculated. No conclusions can be drawn from these results until

the stress analysis problem is resolved.
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5.1.3  Cyclic Life Tests

Figures 106 through 109 present the cyclic life data generated for the all-metal and
hoop GFR Inconel tanks tested at RT and 78°K (—3200F). The tanks were cycled at
a pressure so that the metal shell was stressed to a maximum operating stress ( ao)
of approximately 0.87 ¢ o The test parameters for each test are detailed in Tables
55 and 56. The uniaxial cyclic life data presented in Paragraph 4.1.4 are shown

on these figures for reference purposes.

In general, the non-overwrapped tank cyclic life results agreed favorably with

uniaxial results while the overwrapped tank cyclic lives were less than expected.

A close examination of the data reveals that as the R ratio ( amin/ omcx) de-
creases from zero to negative values the cyclic life also decreases. This phenomenon
is more readily observed in the flaw growth rate data comparison made in Figures 110
and 111 between the uniaxial and biaxial results. The growth rates for the biaxial
specimens were plotted as a function of the average stress intensity value calculated
using the maximum tension stress level. As these figures indicate, the non-overwrapped
tank flaw growth rates fall within the uniaxial data scatter bands at RT ond as the R
ratio decreases the cyclic rate increased,  The hoop GFR Inconel flaw growth rates
were a maximum of about 6 times the average uniaxial growth rate. This maximum
difference was for the data generated with the lowest (highest negative) R ratio and the
difference between hoop GFR and uniqxio| flaw growth rates decreased as R ratio increased.
The cyclic results obtained at 78°K (-320°F) were even more affected by R ratio, as

shown in Figures 110 and 111,

It should be pointed out that no growth-on-loading due to the sizing cycle or proof
test was observed in the biaxial cyclic life tests, while as pointed out in Paragraph
4.1.3, growth-on-loading was present in the unioxial cyclic life specimens at com-

parable flaw depths.

5,2 2219-T62 Aluminum Biaxial Results

5.2.1 Pressure/Strain Correlation

Figure 112 presents the extremes of pressure/hoop strain recorded for the hoop GFR

aluminum tanks during the sizing cycle at RT. For comparison purposes the design
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curve based on data generated as described in Paragraph 2.2 is presented. As
Figure 112 clearly shows, the hoop strains recorded at the sizing pressure are less
than the design value. This difference can be accounted for by (1) variations in

the liner yield strength, (2) differences in the liner thickness between the design and
actual, and (3) apparent increase in liner elastic stiffness in a biaxial stress field.

A difference of only 10% in the liner yield strength or 10% in liner thickness could

account for the variations observed in actual hoop GFR pressure/strain curves. The

liner thickness assumed for the GFR design was 0.23 cm (0.090 in), whereas a nominal
thickness for the actual liners was about 0,25 cm (0.098 in). This represents a 9% :
increase in stiffness of the structure and probably explains the variation in measured

and predicted values based on the liner design thickness. The additional thickness

would not have permitted the actual structure to displace as much as the design analysis

indicated.

As Figure 112 indicates, the elastic loading portion of the actual pressure/strain curves

is steeper than the design curve. This apparent increase in stiffness was also observed

i

in the all-metal tank tests. The all-metal elastic modulus was calculated to be about

82,7 GN/m2 (12 x 106 psi) using the general equations for elastic strain. Using this

value combined with the elastic modulus of the filaments (see Table 2), yielded

essentially the same measured elastic loading pressure/strain curve presented in Figure

112, The uniaxial elastic modulus for the aluminum is only about 73.1 GN/m2

TOIw o v

(10.6 x 106 psi) as reported in Table 2. The differences appear to be due to bi-
axiality, but in any event, does not permit the actual structure to deflect as much

as indicated by the design analysis. It was first thought that the apparent difference

PEpegy mey o

was due to the displacement measurement setup. The calibration of the system was

i

checked thoroughly and found to be satisfactory. Recorded displacements were also

compared to actual measurements made at test initiation and termination and found

to agree exactly. In addition, the recorded displacements were compared to strain

M

gage data on one tank and found to agree satisfactorily. The displacement recording

system was not in error. All of the above discussed items could account for differ-

iy

8

ences observed between actual pressure/strain curves and design values.
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Contrary to the hoop GFR Inconel tank results, the hoop GFR aluminum tanks
yielded significantly in compression during the unloading portion of the
pressure/strain curve as depicted in Figure 112, The tank design was based on no
compression yielding after sizing. The phenomena observed is commonly known as
a Bauschinger effect; where a metal if yielded significantly in tension has a sub-
sequently reduced compressive yield strength (or vice-versa). Figure 112 also
‘llustrates that the tank stiffness is apparently less during the release of pressure
than during pressurization. This decrease in stiffness is due to the metal liner and

was observed in the aluminum uniaxial specimens as reported in Appendix A.

As pointed out in Paragraph 2.2, if a tank was to be operated cryogenically it
received a cryogenic proof test to the cryogenic offset yield point after being sized
at RT. This essentially meant that during the cryogenic proof test the tank would
not yield. Figure 113 illustrates what actually occurred in the GFR aluminum tanks
that were cryogenically proof tested. As the figure shows, the tank did yield
slightly at the proof pressure causing a further increase in the liner compression

stress,

5.2.2 Burst Tests

The results of the hoop GFR aluminum and all-metal tank burst tests are presented in
Figures 114 through 117 while the test parameters for each test are detailed in Tables
57 and 58. The uniaxial static fracture data presented in Paragraph 4.2.2 are shown

on these figures for reference purposes.

Figures 114 and 116 present the burst test results for surface flaws located in the base
metal and weld metal centerline, respectively, both at RT. As the figures illustrate,
in general, close agreement between the biaxial data exists, regardless of the orien-
tation of the flaw plane or whether the tank was overwrapped or not. The biaxial
results do not agree with the uniaxial static fracture results. The biaxial results are
between 10 to 35% higher. The range of flaw depths investigated was from about
half of the thickness to flaw depths approaching the liner thickness. A possible ex~-

planation is that the material at the tip of the surface flaw is stressed differently in
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a uniaxial and biaxial tank specimen. With the uniaxial specimen, the presence
of the flaw offsets the neutral axis in the immediate vicinity of the flaw causing a
bending moment and giving rise to an additional tension stress at the flaw tip. The
flaw located in a cylindrical tank is also stressed in a similar manner except that
the stiffness due to curvature, tank material and thickness effectively react the
local bending moment across the flaw front and the result is essentially a pure
tension field over the remaining ligament below the flaw. In the uniaxial speci-
men the material is essentially free to deflect laterally and, therefore, reacts the
bending with the material beneath the flaw. These differences could account for
the high apparent static fracture strength of biaxial specimens over uniaxial speci-
mens. As pointed out in Paragraph 5.1.2, good agreement was obtained between
uniaxial and biaxial Inconel fracture results, The effective shell stiffness (curvature,
tank material and thickness) is significantly less for the Inconel than the aluminum

metal liners.

As the data presented in Figures 114 and 116 show, the overwrapped aluminum tanks
all experienced a leak mode-of-failure (see Figure 118) while the non-overwrapped

tanks had a fail mode-of—FailLvre as did the RT uniaxial results,

The burst test results conducted at 78°K (-320°F) in liquid nitrogen are presented in
Figures 115 and 117 for flaws located in the base metal and weld metal centerline,
respectively. As with the RT results, the cryogenic biaxial tests resulted in failures
above the uniaxial curve. The mode-of-failure at this temperature was mixed; with
some leak modes and some fail modes (see Figure 119). The uniaxial static results

were all fail mode-offailures.

5.2.3 Cyclic Life Tests

Figures 120 through 123 present the cyclic life data generated for the all-metal and
hoop GFR aluminum tanks tested at RT and 78°K (-320°F). The all-metal tanks
were cycled at an operating stress ( oo) equal to 0,75 o whereas the hoop GFR
tanks were cycled at a a, equal to about 0.84 o both at RT. The hoop GFR
tanks tested at 78°K (-320°F) were cycled at a o, equal to about 1.02 o The
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test parameter for each test are detailed in Tables 59 and 60. The uniaxial cyclic

life data presented in Paragraph 4.2.4 is shown on these figures for reference purposes.

In general, the non-overwrapped tank cyclic life results agreed favorably with uni-

axial results while the overwrapped tank cyclic lives were slightly less than expected.

As with the Inconel, a close examination of the data reveals that as the R ratio
decreased from positive to negative values the cyclic life also decreases. This phenomenon
is more readily observed in the flaw growth rate data comparison made in Figures 124 and
125 between the uniaxial and biaxial results. The growth rates for the biaxial specimens
were plotted as a function of the average stress intensity value calculated using the maxi-
mum tension stress level. As these figures indicate, the non-overwrapped tank flaw
growth rates fall within the uniaxial data scatter bands at RT and as the R ratio de-
creases the cyclic rate increases. The hoop GFR aluminum flaw growth rates were a
maximum of about 4 times the average unioxial growth rate. This maximum difference
was for the data generated with the lowest (highest negative) R ratio and the difference
between hoop GFR and uniaxial flaw growth rates decreased as R ratio increased. One hoop
GFR tank (AS-22) was cycled at an R ratio of 0.20. This test demonstrated the lowest flaw
growth rate obseved at a comparable stress intensity. The cyclic results obtained at 78°K

(-320°F) were also slightly affected by R ratio, as shown in Figures 124 and 125.

As with the Inconel tests, no growth-on-loading due to the sizing cycle or proof test
was observed in the biaxial cyclic life tests, while as pointed out in Paragraph 4.2.3,
growth-on-loading was present in the uniaxial aluminum cyclic life specimens at com=-

parable flaw depths.
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6.0  OBSERVATIONS AND CONCLUSIONS
The major observations made from this investigation are presented below:

(M Uniaxial surface flawed static fracture results can be used to predict
burst test failures for hoop GFR Inconel X750 STA tanks with surface
flawed liners having thicknesses of about 0.10 cm (0.040 in).

(2) Uniaxial surface flawed static fracture results underestimate the burst
strength of hoop GFR 2219-T62 aluminum tanks with surface flawed
liners having thicknesses of about 0.23 cm (0.090 in). This difference

ranges from about 10 to 35% in the thickness tested.

3) The cyclic life of both hoop GFR Inconel and aluminum tanks con-
taining surface flawed liners are overestimated by uniaxial surface
flawed specimens. The difference can range up fo six times in the

thickness tested.

(4) A ledk mode-of—Failurechs observed for all hoop GFR Inconel and
aluminum tanks that were burst tested at RT or cycled at RT or 78°K
(-320°F).

In conclusion, differences were observed between the uniaxial and biaxial test
results obtained in this fracture test program. The exact reasons for these differ-
ences are not known but possible causes are detailed in Paragraphs 5.1.3, 5.2.2
and 5.2.3. With respect to the static fracture differences that occurred, one
possible resolution of the problem could be obtained by the testing of some flawed
uniaxial specimens with lateral restrain plates in the vicinity of the flaw. This
would effectively transmit the local bending moment through the restraint plates
and eliminate the addition tension component at the flaw tip. With respect to
the cyclic life differences, additional overwrapped tanks cycled at an R ratio of

zero should be conducted along with compression/tension uniaxial specimens.

In addition to the above areas for further investigation, the stress analysis problem

[> Disregarding o few tanks which failed because of inadequate welds.
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encountered with highly pressurized hoop GFR Incone! tanks {(described in Para-
graph 5.1.2) should be resolved, Testing of glass filament rings (fabricated in
the same way the hoop GFR tanks were) to determine the stress/hoop displacement

characteristics could possibly resolve this problem,
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APPENDIX A
UNIAXIAL STRESS/STRAIN CURVES

The uniaxial stress/strain curves obtained for the mechanical property specimens
are presented in this appendix. The materials include base metal and weld metal
Inconel X750 STA, 2219-T62 aluminum and cryostretched 301 stainless steel tested
at 295°K (720F) and 78°K (—320°F). Both engineering stress and strain, and true
stress and strain are presented. The true stress and strain are defined by the

expressions:
o = o (1+¢) (A-1)

e = tn (1 +€) (A-2)

where

= true stress

= engineering stress
/

E = true strain

€ = engineering strain

Figures A=1 through A-10 present the stress/strain relationships for the Inconel material.
These tests were conducted by pulling the specimen directly to failure at the test
temperature. All specimens received a simulated resin cure cycle prior to testing.
Figure A-11 presents the result of plastically deforming a uniaxial specimen at RT

to a stress level simulating a sizing cycle followed by a cryogenic pull to failure. As
Figure A-11 indicates, there is essentially no difference in the cryogenic portion of
the stress/strain curve between this specimen and one pulled directly to failure with-
out the RT sizing cycle. The unloading portion of the RT sizing cycle generated the

same stress/strain slope as the initial loading portion.

Figures A-12 through A-17 present the stress/strain relationships for the aluminum

material. These tests were conducted by pulling the specimen directly to failure at

[ 340°K (150°F) for 3 hours followed by 420°K (300°F) for 5 hours.
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the test temperature. All specimens received a simulated resin cure cycleD
prior to testing. Figure A-18 presents the result of plastically deforming a uniaxial
specimen at RT to a stress level simulating a sizing cycle followed by a cryogenic
pull to failure. As with the Inconel, Figure A-18 indicates there is essentially no
difference in the cryogenic portion of the stress/strain curve between this specimen
ond one pulled directly to failure without the RT sizing cycle. The unloading por-

tion of the RT sizing cycle generated a stress/strain slope that was about 20% less

than the slopegenerated during loading.

Figures A-19 through A-36 present the stress/strain relationships for the cryostretched
301 material. The majority of the tests conducted at 78°K (-320°F) utilized speci-
mens that were first prestressed at 78°k (-320°F) to about 932 MN/m2 (135 ksi),

subjected to a simulated resin cure cycleD , and then pulled to failure at 78°K

(-320°F). The tests run at RT were conducted with specimens that were first pre-

(1Al

stressed at 78°K (-320°F) to about 932 MN/m2 (135 ksi), subjected to a simulated )
resin cure cycleD, loaded at 78°K (—320°F) to a simulated sizing stress of 1442 MN/m2

(209.2 ksi) and then pulled to failure at RT. The calculations of stress for the first

cryogenic stretch (prestress cycle) were based on the original specimen cross—sectional .

area, while subsequent stress cycles utilized the cross=sectional area at the end of

the prestress cycle. This was done so that engineering stresses would be representative

of true stresses during the simulated sizing operation. Figure A-37 illustrates what ;
" effect the simulated resin cure cycle (after cryo-prestressing) has on the subsequent 5
stress/strain relationship of 301 stainless steel . Comparing the result with a 301 i
specimen pulled directly to failure at 78°K (-GZOOF) shows that an apparent strength=~ -
ening results with the prestressed and resin cured specimen. ;?

oy "‘MH T

D 340°k (150°F) for 3 hours followed by 420°K (300°F). for 5 hours.
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APPENDIX B

SYMBOLS

A = cross sectional area
a =  semi-elliptical crack depth
a/2c =  flaw shape
BM =  base metal
C = constant
COD =  crack opening displacement
D =  outside diameter
D = mean diameter
da .
IN =  fatigue crack depth growth rate
E = modulus of elasticity
EDM =  electric discharge machined
GFR = glass filament reinforced
HAZ =  heat aoffected zone

= constant
K = stress intensity

=  circumference of GFR cylinder
N =  number of cycles or cycles-to-leakage
n = constant
OW = overwrapped
P =  internal tank pressure
Q = flaw shape parameter
: B omin/ Omax
RT = room temperature
T =  temperature
TS =  tension per strand
t = thickness
\i4 = thickness
WM = weld metal
2c = semi-elliptical crack length
0 = centerline
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Figure 4: Stress/Strain Relationship for Hoop GFR Inconel X750 STA Tank
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Figurs 5: Stress/Strain Relationship for Hoop GFR 2219-T62 Aluminum Tank
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Figure 7:  Ambient Pressure /Strain Relationships for Hoop GFR Inconel Tank
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Schematic of Uniaxial Static Fracture Tests Conducted for Inconel X750 STA and 2219-T62
Aluminum (Base Metal and Weld Metal)
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Figure 13 : Schematic of Cyclic Life Tests for Program Materials (Both Thicknesses)
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Figure 40:  Uniaxial Static Fracture Results of 0.10 cm (0.040 Inch) Thick Surface

Flawed Inconel X750 STA Base Metal at 295°K (72°F)
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Figure 41:  Uniaxial Static Fracture Results of 0.10 cm (0.040 Inch) Thick Surface
Flawed Inconel X750 STA Base Metal at 78°K (-320°F)
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Figure 42:  Uniaxial Static Fracture Results of 0.10 cm (0.040 Inch) Thick Surface

Flawed Inconel X750 STA Weld Metal g at 2959k (729F)
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Figure 43:  Uniaxial Static Fracture Results of 0.10 cm (0.040 Inch) Thick Surface Flawed

Inconel X750 STA Weld Metal § at 78°K {-320°F)
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Figure 44: Uniaxial Static Fracture Results of 0.33 cm (0.13 Inch) Thick Surface

o (KSt)



doablbiakd

i

1l

N

789K

RT
ult

o (MN/m2)

1,000

800

600

400

a; (INCHES)

Flawed Inconel X750 STA Weld Metal §

108

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
T T T T ] T 220
E:> F = FAILMODE; L = LEAK MODE
[I=> MAX CRACK DEPTH THAT CAN PASS RT g
- 200
180
78°K (-320°F)
FAILURE LOCUS
4 160
140
295°K (72°F)
F
ar AILURE LOCUS
G
120
n ®
7 O
(ai)cr8 K_ 0.188 cm ‘
(0.074 INCH) ,
- 100
(ai)RT = 0.198cm
—[> ¢ {0.078 INCH)
~ | symeoL|  TEST CONDITIONS
LOADED TO FAILURE <480
o IN RT AIR SPECIMEN
LOADED IN gs IN RT THICKNESS
O AIR, THEN LOADED
TO FAILURE IN LN 3 60
B g, = 850 MN/m? (123.3 KSI)
(a/2c); = 0.19
i | I 1 L 1 1 40
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
g {cm)-
Figure 45: Uniaxial Static Fracture Results of 0.33 cm (0.13 Inch) Thick Surface
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Figure 62: Uniaxial Static Fracture Results of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Base Metal
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Figure 63: Uniaxial Static Fracture Results of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Weld Metal §
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Figure 64: Uniaxial Static Fracture Results of 0.46 cm (0,18 Inch) Thick Surface

Flawed 2219-T62 Aluminum Base Metal
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Figure 65: Uniaxial Static Fracture Results of 0.46 cm m. 18 Inch) Thick Surface

Flawed 2219-T62 Aluminum Weld Metal §
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Figure 82:  Uniaxial Static Fracture Results of 0.071 cm (0.028 Inch) Thick Surface Flawed
Cryostretched 301 Stainless Steel Base Metal
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Figure 83:  Uniaxial Static Fracture Results of 0.071 cm (0.028 Inch) Thick Surface Flawed
Cryostretched 301 Stainfess Steel Weld Metal Fusion Line

146

o {KSl)

N

Il




3 (INCHES)

0 0.02 0.04 0.06 0.08 0.10 0.12
360
| | I | I
2,400 |- > ,
SYMBOL | TEST CONDITIONS
LOADED TO FAILURE
2,200 |- o IN LN, — 320
LOADED TO g, IN LN,
A THEN LOADED TO FAILURE
078°K 2,000 |- IN RT AIR
ult - g = 1442 MN/m? (209.2 KSI) —{ 280
e = [ F - FAILMODE
1,800 |-
[ PoOR PRECRACKS
(310) 4 240
1,600 |
Oyt Os
_ (276) (276) [T>
o™
E
Z 1,200 }—
s (ANNEALED)
5 —{ 160
78°K (~320°F) FAILURE LOCUS
1000 | 38°K e (a/2c), = 0.18 IF
ps | PRECRACKED BELOW 310 MN/m?
{45 KSI) OR ANNEALED AFTER
PRECRACKING 1 120
800 }—
600 |- ‘
( )780K = 0.043cm (276) 17
&lcr T (0.017 INCH) SPECIMEN
400 |- THICKNESS
— 40
200 |-
NUMBERS NEXT TO DATA POINTS
ARE PRECRACKING STRESSES
0 l | | | | Y | 0
0 0.05 0.10 0.15 0.20 0.25 0.30

a {cm)

Figure 84:  Uniaxial Static Fracture Results of 0.26 cm (0.10 Inch) Thick Surface Flawed
Cryostretched 301 Stainless Steel Base Metal
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Figure 85:  Uniaxial Static Fracture Results of 0.26 cm (0.10 Inch) Thick Surface

Flawed Cryostretched 301 Stainless Steel Weld Metal Fusion Line
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Figure 98 : Comparison of Pressure /Strain Curves for Hoop GFR Inconel X750 STA

Tanks at RT
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Figure 99: Cryogenic Proof Test Pressure/Strain Curve for Hoop GFR Inconel X750 STA Tank at 789K (-320°F)
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Figure 100: Comparison of Uniaxial and Biaxial Inconel X750 STA Base Metal
Static Fracture Results at RT
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Figure 101: Comparison of Uniaxial and Biaxial Inconel X750 STA Base Metal
Static Fracture Results at 78°K (-320°F)
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Figure 102: Comparison of Uniaxial and Biaxial Inconel X750 STA Weld Metal

¢ Static Fracture Results at RT
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v Figure 112 : Comparison of Pressure /Strain Curves for Hoop GFR 2219-T62

Aluminum Tanks at RT

1]

175

TANK PRESSURE, p (PS1)



L

[ L T A e

[EIR 1Rl

wdl il

i

3,000
20 r
PROOF
PRESSURE 4 2,500
16
o - 2,000
£
2
=
~ 12 -
a
o
S
A — 1,500
w
o
a.
4
Z
= 8F
-4 1,000
4
SPECIMEN AS-26 - 500
0 1 1 1 0
0 0.002 0.004 0.006 0.008 0.010

HOOP STRAIN, €g {em/cm)

Figure 113: Cryogenic Proof Test Pressure /Strain Curve for Hoop GFR 2219-T62
Aluminum Tank at 789K (-320°F)

176

TANK PRESSURE, p (PS!)

LY

al



o (MN/mz)

a; (INCHES)

500

400

300

200

100

0 0.02 0.04 0.06 0.08 0.10
T T T T 80
__ ENVELOPE OF UNIAXIAL
[ STATIC FRACTURE DATA
{FAIL MODE —(a/2c)i = 0,23)
(REF FIG. 62) 470
AS-1
/—AS-12
2 J\\ D —~ 60
- (?\ = AS-9
J* AS-6
%
] ~ AS-16
~ Z« ® @/
> \Z\ ~ AS-31  —{50
AS-2 \(\ &’/—
IS
\[ — AS-14
- []7\
~ f
~ ~
o
YA
=
BIAXIAL >
SYMBOL | BURST TESTS ”
= o NON-OVERWRAPPED LINER ]
, WITH FLAW AT 0° THICKNESS  \
A OVERWRAPPED WITH
FLAW AT 0°
OVERWRAPPED WITH
O FLAW AT 45° - 20
B [C> TANK FAILED IN LONG. CYLINDER WELD
[T TANK FAILED IN HEAD-TO-CYLINDER GIRTH WELD
= TANK LEAKED IN HEAD-TO-CYLINDER GIRTH WELD 10
[ PRESSURIZED DIRECTLY TO FAILURE OR LEAK
B> Fr - FaiLMODE
L = LEAK MODE Y
i { | 1 0
0 0.05 0.10 0.15 0.20 0.25

3 {cm)

Figure 114:  Comparison of Uniaxial and Biaxial 2219-T62 Aluminum Base Metal
Static Fracture Results at RT
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Metal Static Fracture Results at 78°K (-320°F)
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Figure A-7: Stress/Strain Relationship for 0.10 cm (0.040 Inch) Thick Inconel X750 STA Weld Metal at 2950k (720F)
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Figure A-13: Stress/Strain Relationship of 0.23 cm (0.090 Inch) Thick 2219-T62 Aluminum Base Metal at 789K (-3200F)
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Figure A-19: Stress/Strain Relationship for 0.71 mm (0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
at 789K (-3200F) - Specimen C-1
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Figure A-20: Stress/Strain Relationship for 0.071 cm{(0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
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Figure A-22: Stress/Strain Relationship for 0.071 cm(0.028 Inch )Thick Cryaostretched 301
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Figure A-24: Stress/Strain Relationship for 0.071 cm{(0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal

at 789K (-320°F) - Specimen 1C-10
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Figure A-25: Stress/Strain Relationship for 0.071 cm(0.028 Inch) Thick Cryostretched 301
Stainless Steel Base Metal at 780K (-3200F) - Specimen 1C-15
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; Figure A-26: Stress/Strain Relationship for 0.071 cm(0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
- at 780K (-320°F) - Specimen 1C-16
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Figure A-27: Stress/Strain Relationship for 0.071 cm (0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal

at 789K (-320°F) - Specimen 1C-17
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Figure A-28: Stress/Strain Relationship for 0.071 cm (0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal

at 789K (-3200F ) - Specimen CW-4
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Figure A-29: Stress/Strain Relationship for 0.071 cm(0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
at 780K (-320°F) - Specimen 1CW-4
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Figure A-30: Stress/Strain Relationship for 0.071 cm(0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
at 789K (-320°F) - Specimen 1CW-6
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Figure A-31: Stress/ Strain Relationship for 0.26 cm (0.10 Inch) Thick Cryostretched 301 Stainless Steel Base Meta/

at 780K (-3200F) - Specimen 2C-1
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Figure A-32: Stress/Strain Relationship for 0.26 cm (0.10 {nch) Thick Cryostretch

at 780K (-3209F) - Specimen 2C-2
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Figure A-33: Stress/Strain Relationship for 0.071cm (0.028 Inch) Thick Cryostretched 301 Stailess Steel Base
Metal at 2950K (720F) - Specimen 1C-11
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Figure A-34: Stress/Strain Relationship for 0.071cm (0.028 Inch) Thick Cryostretched 301 Stainless Steel
Base Metal at 2959K (720F) - Specimen 1C-12
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Figure A-35: Stress/Strain Relationships for 0.071 cmf0.028 Inch) Thick Cryostretched 301 Stainless Steel Base Metal
at 2959K (720F) - Specimen 1CW-3
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Figure A-36: Stress/Strain Relationship for 0.071cm (0.028 Inch) Thick Cryostretched 301 Stainless Steel Weld

Metal at 789K (-320°F) - Specimen CW-1
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Figure A-37: Comparison of True Stress/Strain Relationships for Specimens C-1and
CW-4 (BM) at 780K (-3200F)
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Table 1: Hoop GFR Design Criteria

DESIGN

PARAMETER CRITERIA

SHAPE CYLINDRICAL WITH HEMISPHERICAL END CLOSURES

SIZE 16.5 cm (6.5 INCH) DIAMETER BY 71.1cm (28.0 INCH)
OVERALL LENGTH
INCONEL X750 STA; 0.10 cm (0.40 INCH) CYLINDRICAL
SECTION

METAL 2219-T62 ALUMINUM:; 0.23 cm (0.090 INCH)

SHELL CYLINDRICAL SECTION
CRYOSTRETCHED 301 STAINLESS STEEL; 0.71 cm
(0.028 INCH) CYLINDRICAL SECTION

FIBER

REINFORCE- TWENTY - END S-GLASS CONTINUOUS FILAMENTS

MENT )

RESIN EPON 828/DSA/EMPOL 1040/BDMA

MATRIX (100/115.9/20/1)

WINDING

PATTERN CIRCUMFERENTIAL (CYLINDER ONLY)

OPERATING o o o

TEMPERATURE 2959K {72°F) TO 789K (-320°F)

HOOP FILAMENT
AMBIENT OPER-
ATING STRESS

<1380 MN/m2 ({200 KS!}

METAL SHELL
HOOP OPERATING/
SIZING STRESS
RATIO

0.85

BURST
PRESSURE

<345 MN/m2 (5000 PSl)

SIZING
CONDITION

<YIELD STRENGTH FOR UNREINFORCED
PORTIONS OF LINER
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CRYO-
FORMED GLASS
PROPERTY INCONEL 301 FILAMENT
X750 2219762 STAINLESS | WOUND
STA ALUMINUM | STEEL COMPOSITE

DENSITY 8.30 2.82 7.47 1.99
o/m3 (LB/IN3) {0.300) {0.102) {0.270) {0.072)
COEFFICIENT OF THERMAL EXPANSION; '
295%K (72°F) TO 20°K (-423°F) 8.98 16.05 8.26 3.62
cm/em — Ok (IN/IN®F) 499x 108 | (8916x10% | (450x 106 | (2.01x 109
TENSILE YIELD STRENGTH 821 315 1186
MN/mZ (KSI) (119.0) (45.7) (172.0) —
DERIVATIVE OF YIELD STRENGTH WITH -496 -220 -943

- AESPECT TO TEMPERATURE kN/mZ°K (PSI/°F){(-40.0} -17.7 +76.0) -
ELASTIC MODULUS 202.0 73.1 131.0 85.5
GN/m? (PSI) 203x10% | (106x108 | ne.ox10% | (12.4x 108
DERIVATIVE OF ELASTIC MODULUS WITH
RESPECT TO TEMPERATURE ’ ~100,4 -18.9 -207.0 -29.9
MN/m2°K _ (PSI/°F) +8100) +1520) +16,700) {-2410)
PLASTIC MODULUS 4.36 2.86 414
GN/m? (PSI) (633 x 109) (415 x 103) (600 x 10°3) -
DERIVATIVE OF PLASTIC MODULUS WITH o
RESPECT TO TEMPERATURE -2050 -3525 -782 —
kN/m29K (PSI/2F) +165) {-284) +63)
POISSON’S RATIO 0.290 0325 0.290 -
DERIVATIVE OF POISSON'S RATIO -0.36 x 10°%
WITH RESPECT TO TEMPERATURE 1/°K (1/°F) 0 0.2 x 10%) 0 -
MAX ALLOWABLE o

e OPERATING STRESS ?25“!: (?2 0) (:2!;56) (:g 0 (;3(7)90)

e (COMPRESSIVE IN _ - - . -

s | w  m [ |
MN/m? (KSH) {-320°F) {116.0) (41.00 (131,00 {250.0)

295°K 1018 379 1407 2606

ULTIMATE (72°F) (147.4) (54.9) {204.0} (378.0)
STRENGTH 78°K 1240 454 1931 3275
MN/mZ2 (KSI) {-320°F) (179.9) (65.8) {280.0) (475.0)

Table 2 Base Metal Material Properties Used in Reference 2 Computer Program to Design Hoop G FR Tanks

[[=> BASED ON A VOLUME FRACTION = 0.673
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Table 9:  Uniaxial Static Fracture Tests of 0.10 cm (0.040 inch) Thick Surface Flawed Inconel
X750 STA Base Metal at 295K (72°F)
o TEST
© N -
. . -
. Ez | Es | & wi =
Z 2oz I T | % = <
o Tl — o Q ¢ © o« w
Y ISOglg =7l TEST B2 128 1z,.14% | 28] =
2o |=Z 2Z2!Z 3| PARAMETERS sjuzs | ogiasr | BEe z REMARKS
OZ2 |IOUXTIGEZ ¥ v o] W << = o
wSlgo ==~ AT QE v E o®° |k v &
aziE= 6l g 4° 1095 | g E> | wo <
7] O °l52 5 o b o« nZ a >
O w w
'—
- 0.102 3.18 0.051 0.302 983 295
181 | 0040 | (1.25) FAILURE ©0.0200] (0119) | 017 | (1a25)| (32) | AR FAILMODE
= 0.102 3.18 0.071 0.386 892 295
18-2 {5040} | (1.25) LEAKAGE  |(o'ozs) | 0as2)| ©18 | (129.4| w2y | AR LEAK MODE
0.102 3.18 0.086 0.452 805 295
18- . . ! X
B-3 | 00401 | (1:25) LEAKAGE 0034 | 0are)| 19 | (1es| g2 | AR LEAK MODE
- 18101 0.102 | 3.18 0.076 | 0.381 839 295
B-101 0.040)| (1.25) LEAKAGE 0.030) | (0.150) | 020 | ¢z} (20 | AR LEAK MODE
18-11] 0.102 | 3.8 EAKAGE 0.051 | 0.230 872 255
(0.040){ (1.25) L o0aa | woear | ©38 | (2es) | 2 | AP LEAK MODE
B-12 | 0.102 | 3.18 FAILURE 0071 | 1.499 736 295
- 3 ©0:040)| (128) L Sor | ael 995 | Joes| a2 | AR FAIL MODE
10102 | 3.8 EAKAGE 0.079 | 0.389 858 295
18-13 | (0.040) | LEA 0031 | o1sa] %20 | (zas! w2 | AR LEAK MODE
0.099 3.18 ’ 0.069 0.381 923 205
- FAILURE «
18-14 | (5.039) | (1.25) L ©0027) | 0isorl '8 | (3am| o2 | AR FAIL MODE
0.104 3.18 0.053 0.617 888 295
- FAILURE ” ¢
18-19 0041 (1.25) AlL w0021 | 0z2am] %% | (2sm| 02 | A7 FAIL MODE
0.102 3.18 0.074 0.386 946 295
- F URE . v
M1B-1} (0'040) | (250) AlL o029 | w0aszy] °° | garal ‘o2 | AR FAIL MODE

D SPECIMEN TOO NARROW, W/2c =
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Table 10:  Uniaxial Static Fracture Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Base Metal at 78°K (-320°F)

© & TEST
- - =
T T
+ — w - -
“ = == o = w zZ
pd = _ a X ol N7
uE lenTldzT TEST wo | 9o | & o |z _ |
Yu 1SUS|L= 5 oz |8z |5 |82 2| 2 REMARKS
22 (22 2|2 = 5| PARAMETERS | o = | U= 188 | ke | 2
R S e AT Selve | ¥ |lce |l &
a xQ gz g © QO ° - > w o x
5% 0T 552§ o < I |wZ = S
- Q [+ O = pd
o w Y
0.051 | 0.266 _ 295 NO CRACK
s SIZING START | (9020) | (0,103) | 019 gz | AR GROWTH
0.102 | 3.1 T 0.051 | 0.266 839 295 AR APPARENT
18-4 | (0.040)} (1.25) STOP | (g020) | (01031 | ©18 la2am | _g2) |
0.051 0.266 1116 78
FAILURE 10020, | (0103 | 018 [ ie1 | (320) LN, FAIL MODE
0.0 0.363 _ 205
START | (0.027) | (0.143) | ©'° ey | AR NO CRACK
0102 | 3.8 | SIZING 55510363 % 565 GROWTH
0 11 '
18-5 | (0.040}] (1.25) sToP | oon | ez | %12 |02 g2y | AR APPARENT
0.069 | 0.363 996 78 N
FAILURE 209 | oaaa | 010 |ass (_ggg) 2 FAIL MODE
sTART | 0979 o389 | 020 | - g2 | AR NO CRACK
1B-7 (g':)gg) (?:;g) sieine STOP 0079 | 0.389 0.20 839 2 AIR i:’o:g;w
- : , i (0.031)] (0153 - t;g;.n (;g)
0079 | 0.389 N
FAILURE ©.031 | (0.153) | 920 | 1144.8) (320 2 | FAlLMODE
sTaRT| 0069 | 0170t 940 | - 2y | AR NO CRACK
0102 | 3.8 | SIZING (g'gg‘;) (g'?.%) =5 55 GROWTH
- . . AR
18-17 | (0.040)} (1.25) stor | 0980 | @oem | 40 |23z | 2) APPARENT
0.069 0.170 1136 78
FA . LN
ILURE 0.027) | (00671 | °4° |(164.7) | (-:320) 2 FAIL MODE
stant| 008 | Giso | % | - a2 | A'F NO CRACK
0104 | 318 | sizinG o L 51295 GROWTH
_ . o AlIR
18-20 (0.041}] (1.25) STOP (0.017) | {0.190) 0.09 (123.3) (712) APPARENT
0.043 | 0.483 1056 78I ‘
FAILURE oorn | ©190) | 29 |32 | (3200 2 FAIL MODE
236
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Table 11:  Uniaxial Static Fracture Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel

X750 STA Weld Metal ¢ [T at 295K (72°F)
3} TEST
© N -
- I_|Fz|¥ wi 5
z . T T =
o« |4 =] — o Q © o W
[T v i e TEST 50| 28| £, a8 |5z =
2o |24 8Z 8 paraveTers | 2 | B2 D8 18T | ko | 3 REMARKS
&) " hand Ry = Y Y = w ~
nS|oyzjoR= AT ¥Tlve | S5 |8 | zx| B
ez e Eleazs E L0} O° >3 == L o -
OI GloZ o o« < o wn o >
o b= = pd
et (] (&)
O - w W
}—
TBW-1 ] 0.102 | 3.18 0,065 | 0.376 917 295
(0,040) | (1.25) FAILURE 0020 | 0ae) | o018 |3z | oz | AR | FAILMODE
BW-2 0.099 3.18 0,071 0.361 925 29%
(0.039) | 11.25) FAILURE 0.028) | 0142) | 020 | (13a2)| 02 | AR FAIL MODE
W2 0.102 | 3.8 ' 0.060 | 0.361 ) 545 295
| (0.040) | (1.25) FAILURE (0.027) ] 01420 | 019 | uzm| o | A" | FAILMODE
BW-8 0.114 3.35 0.048 0.229 834 295
(0.045) | (1.32) FAILURE 0019 | (0000 | 021 | (1200 | w20 | AR FAIL MODE
w-18] 0.104 | 3.18 0.053 | 0.302 B850 295 AIR FAIL M
F<0.031) (1.25) FAILURE ©0211] (01191 |08 | 1233 | @2) L MODE
TBW-22| 0.104 | 3.1 0,058 | 0.686 800 295 | AR .
(0.041) | (1.26) FAILURE 0023 | ©270) | 009 | (116.0)| 72) AIL MODE
TBW-25] 0.104 | 3.18 AGE 0.086 | 0.251 899 295 | AR AR M
(0,041) | (1.25) LEAKAG (0.034) | 0099} | 034 | 130 | 2) LEAK MODE
TBW-27| 0.104 | 3.18 nE 0028 | 0.114 | 1079 | 295 | AR FAILM
(0.041) | (1.25) FAILY 10.011) | 0.0a5) | 624 | 1s65) | (2) AlL. MODE
TBW-28] 0.102 | 3.18 CAGE 0.080 | 0.465 704 295 | ain £
(0.040) | (1.25) LEAKAG (0.035) | 0183 | 019 sl @2 LEAK MODE

| —> UNLESS NOTED OTHERWISE

Pb CRACK LOCATED IN WELD NUGGET

CRACK LOCATED IN WELD HAZ
E» SPECIMEN SUBJECTED TO A SIMULATED RESIN CURE CYCLE AT 422°k {300°F) FOR 60 HOURS
} SPECIMEN ORGINALLY REJECTED DUE TO WELD QUALITY
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Table 12 Uniaxial Static Fracture Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Weld Metal @ at 789K (-320°F)

s TEST
- h f—
- T o -
- w -
z |28 _la & o | % 3| &
gﬁ IwITI<EX TEST LéJA uzJO g °‘¥ < w
S o |2 Z |2 £ Q| PARAMETERS S92 |8olus | & Z REMARKS
D2 lo5EloeE 52 =1 x99 | D E =}
ws 20z|=n= AT CZ | Xegloas|¥E | & ©
Szl =g g — QS5 g = W -
Eio= o < = oo >
OF o o S £ P o n= s Z
(&) © w v w
}—- O
START| 0028 | G175 o — 295 AIR | NO CRACK
SIZING {0.011) | (0.069) (72) St
0.102 | 318 0.028 | 0.175 850 295
1BW-5 | 10,0400 | (1.25) stoP | 0011y | w00e9) | 016 | (1z33y| w2y | AR | APPARENT
0.028 | 0.175 1205 j8
FAILURE o028 | e | 016 | (i7am | cazey | N2 | FAILMODE
START | 0048 | 0239 | ., — "293 AIR SIGNIFICANT
SIZING el (0.094) 2; ) GROWTH-ON-
0.114 | 3.35 ; 0235 850 5
18W-7 | (0.045) | 11.32) sToP (g.ggi) oo | %35 | (23am| w2y | AR LOADING
X 0.239 945 78
FAILURE 0059 | oaem | 05 | 335.0] (az0) | N2 FAIL MODE
staRT | 0058 | 03101 g18 — 295 AIR NO CRACK
sz {0,022)] (0.122) (72) N ST
Tew-19] 0.104 | 3.8 1ZING 0056 | 0310 | oo | 850 295 | AR APPARENT
{0.041) | (1.25) STOP | (0p.022)] (01220 - (123.3)|  (72)
0.056 | 0.310 959 78
FAILURE ©0.032)| 10220 '8 | (3o | raee | "Nz | FAILMOPE |
sTarT| 0069 1 03611 49 — 295 | AR NO CRACK
SIZING (0.027)| (0.142) (72) S
1Bw.23] 0108 | 3.18 5,060 | 0.361 850 | 295
BW-23 (0.0a1) | (1.26) sTOP | (glozny| wian| %' | (23| g2 | A7 APPARENT
0.069 | 0.361 555 78 .
FAILURE ©002n | 0142)] 12 | (aad| 300 | "2 FAIL MODE
0.056 0.264 0.21 _ 295 AIR NO CRACK
oroa | ars | sizine START | (0.022) | (0,104) (72) GROWTH
18w-26| O - 0.056 | 0.264 839 295
(0.041) | (1.25) sToP | oo | 010y | %2 | 21| o2 AR APPARENT
0.056 | 0.264 | o021 | 998 78 | LN FAILMODE
FAILURE 0,022} | (0,104) (1447 (-320) 2

=
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SPECIMEN ORIGINALLY REJECTED DUE TO WELD QUALITY
SPECIMEN SUBJECTED TO A SIMULATED RESIN CURE CYCLE AT 422°k (300°F) FOR 60 HOURS
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Table 13:  Uniaxial Static Fracture Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed Inconel

X750 STA Base Metal
o TEST
© N e eeneen
. : =
T I w .
P ] = | E T G I %{ = &u E
Wi I<@ T =T TEST wg 28 13% 22 |5z =
S0 |Z2 3|23 PARAMETERS [ B | W2 | ©& | B> | Eo Z REMARKS
O |I0CZIokE= V4 v 5w < = o
w3 |=5Ti=0< AT O E ¥ E | O x £ ¥ &
az|lzQ¢lzz ¢ <5 |89% | < 3 | wo | S
7] OT S|l0o= © 8 é < W < % ;
| o O = z
0530 | 526 0.218 | 1.105 831 295
28-1 1(0130) | (3.25) FAILURE (0.086) | (0.435) | 929 | (1208 | (320 | AR FAIL MODE
0.333 8,26 0.119 0.607 947 295
28-2 15.131) | (3725) FAILURE (0.0a7) | ©0.239) | 920 | 133.4)| 72y | AR FAIL MODE
_ 0.330 8.26 0.259 1.341 787 295
2B-18 (0.130) (3.25) FAILURE (0.102) (0.528) 0,19 (114.2) 72) AlIR FAIL MODE
0.165 0856 295
sizine | START| (oes) | (o3am | &0 | — o2 | A" NO CRACK
28-3 0.333 8.26 sToP 0.165 0.856 0.19 850 29% AIR GROWTH
(0.131)} (3.25) (0,065} | {0.337) : (123.3) | _ (72}
0.165 0.856 958 78
FAILURE 0065 | 0.33m | ©'° | (30.0)| (3200 | N2 FAIL MODE
0.085 | 0.483 395
sizing |PTART | 0,035 | 0.190) 0.18 - g2 | AR NO CRACK
0.333 8.26 0.089 0.483 850 295 GROWTH
28-4 | 0131 | (3.25) STOP | (0035 | (01901 | O'8 | (123| w2y | AR
0,089 0.483 1122 78
/ - 0.18 N :
FAILURE 0.035) | {0.190) 627 | ca20) | N2 FAIL MODE

Table 14:  Uniaxial Static Fracture Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed Inconel

X750 STA Weld Metal G
] Q TEST
- T_|Eo|w G|k
== —_ T T a =
Zocla@TidzT a5 | 9o | < o | x| W@
I TEST g 21 g s
sWwiZzwWwo 2O nzZ | G2 | L v X @
m|€Ezz2z|Z2x PARAMETERS = = B el h = =z REMARKS
C=|0%ZiGEE v= | 2| g |dy | «= ] 5
wsS iz o =0 AT O E v £ |l x E oy o
as|E2 Elcs ¢ g5 |ou°| 9 E> | w =
Z 1o o = < 2 ©
77 IC°og=c o prg = n o >
= 3] o S b= =3 z
[&] L w
'—
0.328 | 8.26 ' 0.168 | 0851 904 335
2BW-2 | 51%9) | (3.28) FAILURE 0.066) | (0.335) | ®2° [ =] @2 | AR FAIL MODE
0.330 | 826 , 0.287 | 1.494 801 255
28W-3 | (5'130) | (3.25) LEAKAGE 0113 |osas | "0 [ ] g2 | AR LEAK MODE
0.333 8.23 0.191 1.031 848 295
2BW-8 | (5'131) | (3.24) FAILURE ©0.075) | 0408 | @8 | (123.00| ‘72) | AR FAIL MODE
0.330 | 8.23 6.188 | 1,034 836 265
2BW-10) (0.130) | (3.24) FAILURE 10074) | 00m | *'% | 21| g2 | AR FAIL MODE
0.191 | 0.986 295
. - IR
0.328 | 8.26 SIZING START | (0,075) | {0,388) | ©-° g2 | A NO CRACK
. . 0.191 | 0.986 850 295 GROWTH
28W-4 | (g.129) | (3.25) STOP | (oi075) | 0358 | 919 | (1233 | ‘w2 | A®
0.191 | 0966 964 78
FAILURE w0075) | (0.388) | 019 | (138.4) | (3200 | N2 FAIL MODE
y 0.094 | 0.544 295
0333 | 826 sizing oA | 10.037) | 0.214 | O17 - w2 | AR NO CRACK
2BW-5| o y 0.094 | 0.544 850 295 AIR GROWTH
(0.131)} (3.25) STOP | g.03p | 02141 | @17 | (123.3) (12)
0.004 | 0.544 1127 78 | o~
FAILURE 10.037) | 0214) | °'7 | (163.01] (.320) 2 FAIL MODE
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Table 15:  Uniaxial Cyclic Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Base Metal at 295°K (72°F)

[9) TEST
o o~
. : us
- I_|Es|¥ ~|lw | &
Z = T X =
o« > = o o SR7) e
LE <85 <32 TEST mo | 28 g |l 35z =
22 |2222 Q) parAMETERS | 02 | 52| B g 85 | o | 2 REMARKS
oS =8 EeES AT Xel we| 85!k | ax| B
5Z|cxT 5%z E 101 2°1 < |BZ |2°| 3
(&} oot (&} z
o w Y]
}—
5.065 | 0.367 — 295
SIZING START |10027) |(0.142) | O'° g21 | AR
wror | 0071 | 0361 |0 83 295 R
rae (3.102 318 (0.028) |(0.142) | & (21 | a2
- .040 1
I START (g'g;;) (g-fg) 0.20 (L‘,g 5 2 AIR 2370 CYCLES
CYCLING 0,102 | 0.378 714 zgs)” TO BREAK-
STOP | 0.040) |(0.1a9) | 927 w03 | (72) AR THROUGH
0,073 | 0.381 295
sz FSTARTL0.020) 1(0.150) 0.19 @2y | AR
0079 | 0381 | g7 | 839 295 n
0102 | 3.8 STOP 1(0,031) |(0.150) | " (121.7) | (12)
18-8 (0.040) | (1.25) 0.079 | 0.381 798 295
cveune FTART Lo.031) | (0,150) 021 |1s.9) | (72) | AR | 301 CYCLES
0.102 0,381 798 295 AIR TO BREAK~
STOP |(0,040) |(0.150) | 827 {(116.7) | (72) THROUGH
0.064 | 0.356 — 295
SIZING START {0,025) |(0,140) 0.18 (72) AlIR
0102 | 3.8 stop | 995 |iovam | 010 a0 | 25 | Ak
18-16 | (0.040) | (1.25) 0.927) 0129 g 12)
CYCLING START | (5'00y) | 001800 | 912 | (92,5 gz | AP 3315 CYCLES
sTor | 2102 0376 | ogy | 638 295 | mim TO BREAK
.040) | (0.148) {92.5) | (r2)
0.038 0.254 295
. A pa— AlIR
sizin |START koo15) | (0.100) 0.15 72)
0.038 0.254 0.15 850 295 AIR
0.102 | 3.8 STOP  }(0.015) | {0,100} - {123.3) (72)
18-
B-18 | (0.040)} (1.25) START (8-3?2, (3'333) 0.15 (Iﬁi 9) 29° AIR 10,600 CYCLES
CYCLING 0302 1 0.320 533 2(;? TO BREAK-
sToP |oinao) |toa2e) | 32 Jrose | g2y | AR THROUGH
0.056 0.305 295
SIZING START |(0.022) |(0.1200 | %18 - (722 | AR
0.104 | 3.18 sTor | o0 Loman | ©18 | dzam | oz | A
1B-22 [(0.041) | (1,25 i - *
) START | 0056 | 0.305 0.18 723 295 AR 2076 CYCLES
CYCLING (0.022)_1(0.120) (1049) |_ (72} 3979 CYCLE
oror | 0108 1o3a8 [ oo [ 723 295 m TO BREAK
{0.041) |(0,137) (1049) | (721
0.069 | 0.378 295
START . -
SIZING (0.027) |(0;149) | %8 2 | AR
D aror | 0071 0378 [ g o [850 295 | o
0104 | 318 (0.028) |(0.149) | 9 (1233) | (2
1B-26 {0.041) {1.25 0.071 0.378 723 295
TART | O
CYCLING START |10.028)_|(0.149) 019 w049 | (72) AlR i‘g)g::::zes
STOP 0.104 0.?91 0.27 723 295 AIR THROUGH
(0.041) |10.154) (1049 | 72)
D RESIN IMPREGNATED CRACK
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Table 16:  Uniaxial Cyclic Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Base Metal at 789K (-320°F)

& TEST
® : [
; Zzlbz|% legly | &
z dg = = -
' A —_ T ] < ® 5
Oz l383|gsg| et (85| 28|3,(52 |5 2
52152 2|2 £ 2| PARAMETERS CEZ |8 | yQ 18 | B2 2 REMARKS
Oy zZlgEZ ¥ = S =1 5
52 |z8egoz] A SE|¥5|8 IES | 8¥| ¢
HZ|lcr sz E X 8 H2 | Wo | 2
x o= o o < o s o. >
’_ ) o (@] § p=4
3] w w
. ~
0.064 0,335 205
sizinG  rART1 0,025 | (0.132) ] 019 - 72§ AR
» | 0064 | 0335 850 295
STOP |(0.025) | (0.132) | 019 J(123.3) | "oy | AIR
0102 | 3.8 START| 0'oae) o133 | 0.9 - 81w,
18-21 | (0.040)| (1,25} | PROOF 6.064 i 0335 559 ('333’
STOP {0.025) (0.132) 0.19 (139.1) {-320) LN2
0.654 0.335 816 78
STAR - 2835 CYCLE
CYCLING T (0.025) | (0.132) 019 |ig3 | (3200 | N2 | ZFRCYOLES
. 0.356 816 78
oP TH
ST (0.040) | (0,140) 029 |18 | 3200 | M2 ROUGH
; 0.323 505 - -
sizine AP Tlo021) | oo | %17 | — o2 | AR
stor | fi 0.323 — 850 | 295 AR
{0.127) (123.3) (72)
0.102 | 3.18 sTART| j 0.323 _ — 78 LN,
1B-23 | (0,040} | (1.25) | PROOF 19.127) {-320)
sTop | 9956 | 0323 959 78 | N
{0.022) (0,127} 0.17 (139,1) (-320) 2
0.056 ~0.323 959 7
STARTI(0.022) | (0121 | 0.7 ( . 5 LN, 1019 CYCLES
CYCLING T2 139.0) | 3201 T BREAR
sTor |9 . 78 LN
(g-g‘;m ‘8'3,3‘.5’ 0.30 | (139,1) | {(-320) 2 | THROUGH
START/{ 0.056 5 295
SIZING 10,022) | (0.126) | 0.17 - @2y | AR
sToP D (g-?gg) _ 850 295 | AR
. {123.3) (72)
0,102 | 3.8 START l> 6.320 _ _ 78 N
18-24 |(0.040) | (1.25) | proOF (0.126) (-320) 2
sTop | 0.058 '] 0.320 959 78 LN
(0.023) | (0.126) | 0.18 (139.1) | (-320) 2
START 0.058 0.320 718 78
CYCLING (0.023) | ©.126) | 018 |(1082) | (:320) tNa | E744 CYCLES
sTop |.0.102 358 718 78 | -
e I (0040 | (0-141) | 028 | (1042) | (:320) LN, | THROUGH
START| 0 E 295
SIZING (0.013) | (0.090) | 0.14 - a2 | AR
STOP 0.033 0.229 850 295 AIR
(0.013) | (0.090) | 0.14 1(123.3) (72)
sTART]| 0,033 0229 18 |
0102 | 3.8 ©0013) | (0.090) | 0.14 - LN
18-25 | (0.040) | (1.25) | PROOF 0 . : < {:320) 2
’ sTop | 0.033 | 0.229 959 718 [ n
(0.013) | (0.090) | 0.14 | (139.1) | (-320) 2
START| 0.033 | 0.229 816 78 '
CYCLING (0.013) | 0,090) | 014 | (118,3) | (3200 | “N2 :_580:2 é::fl.ss
3 6.30 - -
SToP (g égg (0 12?) 0.33 e 78 LN THROUGH
.040) | 10.121 . (118.3) | (-320) 2
sTART| DO53 1 9295 _ 295 | AR
SIZING (0.021) | (93161 | 0.18 (72)
stop | fj 0.235 - 850 295 | AR
{0.1161 (123.3) 72)
0aos | 318 START| I} 0.205 _ _ 72N,
18w-3 | 100301 | (1.25) | PROOF 10.116) {320)
) : sTop | 0056 | 0,295 959 78 | N
D (g.gg:) (0.116) | 919 jg3en | (320 2
START| - 0.295 816 78
CYCLING (0:022) | 0;116) | 019 |(118.3) | (3200 | N2 | 3290CY¥CLEsS
sTop | 0099 |7 0333 876 78 | LN ToREAK-
{0.039) [ (g,131) | 030 |(118.3) | (-320) 2 HROUGH

=

241

GROWTH DURING (J's INDISTINGUISHABLE FROM GROWTH DURING PROOF
SPECIMEN SUBJECTED TO A SIMULATED RESIN CURE CYCLE AT 422°k (30‘D°F) FOR 60 HOURS




Table 17+ Uniaxial Cyclic Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Weld Metal ¢  at 2959K (729F)

u

-

- 8 TEST
: > [
- T XI MY - -
= a2 |4 -y o T Y 5| & s
Z o |Z 2|2 £ Q| PARAMETERS 05|42 |2s|8x | & z REMARKS
w3 oo E2E=S AT SZ | x| S5 |9E | & g
a o T = g — Q 1o w o -
I E v «° | < Z | o >
Ok 0= 5 58| « ns | 5% | 2z
o © oy hii]
=0
0.076 | 0.345 . 295
START | (0,030) }10.136) | 0.22 r2) AIR
SIZING 0.084 | 0.345 860 255
0102| 348 sTop |(0,033) |(0.136) | 024 | (123.3) ] (72) AR %OBC;'EC:ES
18W-6 (0,040} y 0.084 | 0.335 720 755 -
- - 01.25) sTART| 0.033) | (0.138) | 024 | (1044 ] (72) AIR | THROUGH
- CYCLING 0.102 0.351 720 3
stop | (0.040) |(0.138) | 0.29 (104.4) | (72) AIR
0.004 U.351 290
: START | (0.025) | (0.138) | 0.18 — 72) AIR
: SIZING 785
: D sToP 1 1 — (1233 72 AIR | 914 CYCLES
: haw-10 (g'ggg (?';g) 3 —53 | 295 TO BREAK=-
. 040)} (1. start| {! — |25 | 02 AIR | THROUGH
) CYCLING ] ) 638 | 205
STOP - (92.5) (72) AlR
0.043 | 0.244 255
sTART | (0.017) | (0.096) | 0.18B TE—U 72 AIR
SIZING 0.043 | 0.244 795
o102] 3.18 sTor |10.017) | (0.096) | 0.18 (1233} (72) AlIR ?rfg%g;ﬂzES
1BW-11 (0'040) “'25) 0.043 0.244 723 295 -
: : START | (0.017) | (0.096) | 0.18 (104.9) | (72) AR | THROUGH
CYCLING 0.102 | 0.437 33 735
- sTOP |t0.040) | (0.172) | 0.23 (1049) | (72) AlR
0.06T | U359 295
= sTART | (0.024) | (0.141) | 0.17 - (72) AlR
- SIZING 0.064 | 0.3 0 755 R ?%6:‘;’&-55
STOP |(0.025) | (0.141) | 0.18 (123.3)} (72) -
= 1BW-13 (3'323) (?‘;g 9.064 | 0.35 —g50 795 THROUGH
: -25) sTART | (0.025) | (0.141) | 0.18 (123.3)1 (72) AIR
CYCLING 0.102 | 0314 850 795
STOP [{(0.040} | (0.163) | 0.25 (1233)] (72) AlR
B 0.064 0. 205
START | (0.025) | (0.139) | 0.18 — (12) AIR
SIZING 0.079 | 0.353 - ] 298
0104 | 318 sToP |(0.031) l(0.139) | 0.22 1233)| (72) AIR ;%oo CYCLES
18W-17] (0'0a1)| (1.25) 0.079 | 0353 3 255 BREAK-
) - START | (0,031) | (0.139) | 0,22 (92.5) (72) AIR | THROUGH
CYCLING 0.104 | 0.353 638 205
sToP }(0,041) |(0.133) | 0.30 (92,5) (72) AlR
0.069 | 0.323 265
D START |(0,027) {{0.127) | 0.21 _ (712) AlIR
= SIZING 0.069 0,323 850 295
3 w-21f 008 2o stor | o0am |w0zn | 021 | 23| o2 | Al | 1571 CYOLES
= ’ " 0.069 | 0.323 723 295 TO BREAK-
- START |(0.027) | (012 | 021 | (1oao)| ©2) | AIR THROUGH
CYCLING ) 0.104 | 0.340 33 355
sTop |(0.041) |(0.134) | 0.31 (104.9) (72) AlR
0,061 0351 295
START |(0.024) | (0.138) | 0.17 — {72) AIR
0108 | 318 SIZING 0.064 | 0.357 850 295 4
1ew-24| (00411 ] (1.25) stopP |(0,0256) |(0.138) | 0.18 (123.3)|  (72) AIR | 1360 CYCLES
* ' 0.064 | O. Y33 295 _ TO BREAK-
START |(0.025) |(0.138) | 0.18 (1049 | (72} AIR | THROUGH
CYCLING 0.10a | 0.356 ¥23 265
STOP 0.041) | (0.140) | 0.29 (104.9) (72) AlIR

NOT DISTINGUISHABLE FROM FRACTURE FACE
OVERLOADED DURING LAST 150 CYCLES
RESIN IMPREGNATED CRACK
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Table 18: Uniaxial Cyclic Tests of 0.10 cm (0.040 Inch) Thick Surface Flawed Inconel
X750 STA Weld Metal §_at 789K (-320°F)

o TEST
© N
- T_|Es | -
Zo log=laa ~ ET !l oZ | « o5 |
Sz |d9zidzs|  TEST Bo |22 | 3 2|5z | =
s® Zudis o oZ I WE B | B | EL REMARKS
=2 222|272 PaRaMETERS | OZ | B2 | B8 | BT | Go | Z
oS 95v903 AT CE|XE|O®|xE |y &
a 2 X Exrz= € gL © o ° < = = wo -
OI %o3 o o« < o ws | & 2
= o o« O = Z
Q w w
}—
0.060 | 0.264 - 295
sizmnve TART 1i0.027) | 00a | 020 2) | AR
STOP 0.264 _ 850 295
> | (0.104) 1233 | g2 | AR
0.264 _ 78 LN
5 PROOF START {0,104} - (-320) 2
0.102 | 3.1 0097 Y 0%a | = - | es9 | -
1BW-12 o 0.264 959 78
(0.040) ; (1.25) sToP |(0.028) | (0.704 | 9?7 139.1) | (-320) LN,
50677 1 6388 816 78 T ln
cveLing EIART 1o.028) | (0.104) 027 | (1183 | (-320) 2 A it
sTOP 0.1702 ] 0.295 0.34 816 78 LN, THROUGH
{0.040) | (0.116) - (118,3) | (-320)
- 0.048 | 0274 385
sizme 1START L0019 | 0108) 018 - (72) | AR
TOP 0,048 0.274 0.18 850 29% AIR
S70 _(%.019) {0,108) ’ (123.3) (72)
048 | 0274 _ 78
0102 | 3.8 START | (0.019) | (0.108) | '8 (3200 | N2
1BW-14](0.040) (1.25) PROOF 0,048 0274 959 78 N
STOP  |(0.019) | (0.108) | @8 | (130.1) | (-320) 2
0,048 0.274 959 78 LN
CYCLING START |(6.019) | 0.108) | @18 1| (139,1) | (-320) 2 990 CYCLES
stor | .0192 T o274 a7 959 78 LN TO BREAK-
(0.040) | (0108} | ©- (139.1) | (-220) 2 THROUGH
0.033 | 0.206 N T1
SIZING START | 0013) |(0.081) | 0.16 - 72) AIR
sTOP 0,033 0.206 0.16 850 295 AlIR
{0.013) ‘°%%151—ﬂ . {123.3) {72)
0.107 ; 1.27 START (g:g?g) ©.081) | 916 - i.sgg) LNa
Bw-6 | (0.042)| (0.50) | PROOF 6.033 | 0.206 ; 988 78 LN
STOP |(0.013) ! (0.081) | ®'® |(130.1) | (320) 2
0.033  0.206 816 78 LN
cveLinG [START | (0,013 {0081 | %16 | (118.3) | (320 2 7063 CYCLES
stop | 0107 {0302 | g5 | 816 78 | Ln TO BREAK-
{0,042) | (0.119) . {118.3) | (-320) 2 THROUGH

D GROWTH DURING 0, INDISTINGUISHABLE FROM GROWTH DURING PROOF
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Table 19-  Uniaxial Cyclic Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed Inconel
X750 STA Base Metal at 295°K (72°F)

1
o 8 TEST
— :If I‘ = -
; Fx | =T & - i
Y I I o = w =z
Zc|T@TidzT!  TEST mo 20l 15204 Q w
U5 |2d223E oZ | GZ | X gl 2| 2 EMARKS
Sp 52222 PARAMETERS | o = | 2= & O 2o Z R
Oz =¥ -loE= AT SElvelxsicgel 82 Q
wd |lcQ gl=0 26 {6061l Q s | §x o
&z |oT 5|3z § < Hz | &° S
w = o 2 G [0 <« > =% a. >
& v el 3) = =4
(&) w L
}.—
0.160 | 0.859 295
SIZING START | (0063)| (0338 | 2% 7z2) | AR | cycLED FOR
sToP 0.173 | 0859 | .| 850 295 A | 128 CYCLES aND
Jp.5 | 0333 | 826 {0.068) | (0.338) . (123.3) | _(72) THEN TEST
-5 |03 | @28 TART| 0.173 ] 0856 723 295 MACHINE
CYCLING STAR (g.?;sg) (gggg) 020 _1;_%49_), 21 1 AP | ovERLOADED
. 295
= STOP | o.070)| 10:338)) 22" | oaoy | =20 | AR
0.1¥8 | 0.859 841 295
FAILURE 0070} 10.338)| °2' | (122.0)| (720 | AIR | FAILMODE
— - 8.170 | 0.881 205
START | goe7)| (0.3anyt 0% | - 72) | AIR
SIZING 0.188 | 0.881 850 295
0.333 8.26 STOP | (0,074)] (0.347) 021 | (123,3) 72) AR
28-10{ 731y | (325) START| 0188 | 0881 | oy | B850 295
(0.074)! (0,347) | (123.3) (72) AlIR | 558 CYCLES TO
CYCLING STOP 0.333 | 0.945 850 295 BREAKTHROUGH
(0.131)] (0.372)] 0.35 ! (123.3) (72) AIR
0.122 | 0.620 295
TART . _
START| (0.048)| (0.244)| 020 (72) AR
SIZING sTOP 0.124 0.620 0.20 850 295 AlR
g1z | 0-333 8.26) Jg‘?gi) »(g-ggg) — _-_uzza.a) 72}
-12 1 0.131) | (325 sTAaRT| O . 723 295
(0.049)| (0.244)] 020 | (1549 72) AIR 5815 CYCLES
CYCLING 176,333 | 0.894 723 265 TO BREAK-
- -(QJ_;J)., (0.352) | 0.37 (104.9) __gg) AlIR THROUGH
START| 0.165 0.884 295
SIZING (0.065) { (0,3a8)) ©:19 - (2) | AR
stor | 0.180 | 0884 | "] 850 295 R
oB_1g | 0328 | 826 (0.071) | _(0,348) - {123.3) (72) !
- (0.129) | {3.25) START| 0.180 0.884 638 295
CYCLING (0.071) | (0.3a8)] 920 | (92.5) {(72) | A'B | 4143 CYCLES
stop | 0.328 | 1.024 | "] 638 205 ~R TO BREAK-
(0,129} | (0.403)! "7 [ (92,6) | (72) THROQUGH
START| 0.163 0.889 : _ 295
SIZING ©0.064)| (0.350)| 918 (72) | AIR
stop | 0178 | o888 [ o 1" 850 295
2814|0330 | 828 {0,070} (1233 | (721 | AR
- (0.130) | (3.26) START/| 0.178 0.889 723 205
CYCLING woral ©as0] 920 | (10a9) 72) | AR | 24717 CYCLES
STOP 0.330 | 1.036 o2 | 723 205 AR TO BREAK-
] {Q.130){_(0.408) : (1049) | (72) THROUGH
START| 0.93 | 1.024 295
SIZING ©0.076)} (0403);. %1% | — 72) | AR
STOP 0226 [T 1024 [ 7| 850 295 o
2816 | 0333 | 826 _(0,089) | {0.403) (123.3) | _(72) R
- {0.131)] (3.25) START | 0.226 1.024 723 295
CYCLING (0.089)| (0.403)] 022 | (roag)| w2y | AR | 152 CYCLESTO
0P 0.333 | 1.087 ¥23 385 -
STO ©.131] ©a28)] 93" | (1049 | (@2) | AR | THROUGH
244
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Table 20: Uniaxial Cyclic Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed Inconel
X750 STA Base Hetal at 78°K (-320°F)

[2) TEST
~ N‘ =
- f E uJ. - -
2 (=8 E oz |% 5l | &
sWIS>5Z 0| PARAMETERS | CZF | WZ & ol B z REMARK
c2|IZg8=x2 wO | 22| & A < 5
2loSsjoE = AT oz 4 w E o
ws 2Lz = S| 8| Qe |wr | €
sZ2lex o — £ q o g = 4 o 'R S
or §loz s cg | < « 5 S o
L (&3N3} [+ o El v 5
© -0
0.130 | 0.691 _ 295
sizing FETART ] 0051) | 0.272) 0.19 _(72) | AIR
STOP 1 0.691 _ 850 295 AIR
{0.272) (123.3)]  (72)
SR | 1 0.691 _ 78 LN,
0.272)] ~ (-320)
0.330 | 8.26 FROOF 0.740 (o 851 78 LN
28-6 | (0.130) (3.25) sToP | (0.085) | 02721] 020 | 330.4)| (-320) 2
0.140 0.691 0.20 816 78 LN2 3744 CYCLES
START | (0.055) | (0.272) : (118.3) | (-320) TO BREAK-
CYCLING 0330 | 09321 55 | 816 78 N THROUGH
STOP | (0.120}] (0.367) . (118.3) | (-320) 2
0.130 | 0.711 255
SIZING START | (0.051) | (0.280)] 0.18 - (72) AIR
0711 - 850 295
sTor ! {0.280) (1233 | ‘w2 | AR
0711 78 LN
sTaRT| {1 (0.280)] — - {-320) 2
0328 | 826 | prooF
28-7 | (0.129) (3.25) STOP 0155 | 0711 | 20 | 959 78 LN,
(0.061)] (0.280}] - (139.1)| (-320) 362 CYCLES
0,55 | 0711 | o.0 | 959 78 LN | TO BREAK-
CYCLING START | (0.061)| (0.280)] ~~<< | (139.1)} (-320) 2 |THROUGH
0.328 | 0970 959 78
STOP | 3329 (082 %34 | (13e.y| (a200 | “N2
0.137 | 0.732 295 AR
sizing |START | (0:054) | (0:288) 0.19 - {72)
STOP 0.732 — 871 295 AIR
(0.288) (126.3)]  (72)
START ol ea - - (-333) LN,
0330 8.2 PROOF 0.150 (gfgf) 966 | 18
. o . * 0.21 2112 CYCLES
28-8 | (0.1301 (3.28) sToP | (0.059) | (0.288) (140.1) | (3200 | N2 |$0 BREAK-
0150 | 0732 { o9 | 884 78 LN, | THROUGH
START | (0,059).] {(0.288) (128,2) § (-320) 2
CYCLING 0.330 0917 0.36 884 78 LN
sToP | (0.130) | (0,361} (128.2) | (-320) 2
0.084 0,439 295
* At 0.19 —_
sizine FPEART L (0,0339) 4 (0.173) g2} AR
sror | 0082 170439 T g 4q 850 295 | An
(0.033) | {0,173} (123,3) 72}
oranT | 0084 170439 T g9 _ 78 | o
0333| 826 | .. o {0,033) | (0.173} -320) 2
28-9 | (01314 (3.25)] ¢ sTop | 0084 | 0430 | 449 959 78 1\ |e1escvcLes
(0.033) | (0.173 (;gg-” (-320) 2 | TO BREAK-
0.084 | 0.439 78 THROUGH
cveLm FETART | 0033 | 0,173 019 | 1233) | (a3200] N2
srop | 03337 0831 17549 885 78 1 o
(0.131) | (0.327) (128.3) | (-320) 2
©.122 T 0.630 295
* . 0.19 _—
SIZING START | (0,048) | (0,248) @g21] AR
0.630 _ 850 295
stor | [ (o5ea) {123.3) 2] AR
0.630 _ _ 78
0333| s26| starT| |! (0.248) (3200 N2
28-11] (0.131)] (3.25) 0.124 0.630 959 78 3184 CYCLES
STOP | (0049) | (0.248) 020 | (130,n] razo| N2 |30 BREAK-
124 | 0,630 884 78 THROUGH
[START | (0.049) | (0,248)] %2° | (1282)| (320)] "N
CYCLING 0.333 0.909 0.37 884 78 LN
STOP | {0.131) | {0.358) : (128.2) | (-320) 2

D GROWTH DURING Oy INDISTINGUISHABLE FROM GROWTH DURING PROOF
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Table 21:  Uniaxial Cyclic Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed Inconel

X750 STA Weld Metal § at 295K (72°F)

3} TEST
© N -
- EzlEz | =lu | &
pd - I T 7 <
L lop=ld== o 0] < 0 o o
gm <mI<;5 TEST "u(z) Z% T v ¥ o>a =
SZ|ZYUZZT2| paRAMETERS | OS | 52 | 28 by | 2| 3 REMARKS
= = v S -
mSiox=2o= AT Selxe|8°|ELE x| &
&z |l g = £ L © Q < nZ wo =
525525 F1208 |PEE s
o « o Z z
I—
0.153 | 1.085 ~ 255
SIZING START | (0,076) | (0.427). 0.18 (72)_ AIR
0.330 0.226 | 1.085 850 295
28W-6 | (01300 | (528 STOP | (0089) | (0.427) | 021 |} (123.3) ] (72) | AIR
’ -25) 0.226 | 1.085 733 295
CYCLING -START | (0,089) | (0.427) 0.21 {(104.9) (721 AIR 1152 CYCLES
0.330 | 1.13s 723 295 TO BREAK-
STOP | (0.130) | (0.447) | 029 | {104.9)} (72) | AIR THROUGH
0.155 | 0.818 256 |°
SIZING START | (00611 (0.322) 1. 0-'° - (72) | AIR
sror | 0157 | 0818 1 T 7T 850 295
0.328 (ggs) {0.062) | (0.322) - (1233 ! 2) | AIR
RoW-13/(0-129) ° START | 0157 | 0818 1 4,4 | B850 25 1058 CYCLES
CYCLING {0.062) | (0,322) . (123.3) (12) AIR TOBREAK
con | 0328 [ 0953 | T 850 295 TO BREAK-
S (0.129) | (0.375) - (123.3)| @2y | AR
0.004 | 6.508 ' 295
sizimng |START | 0037 | 0200 | 010 | - (721 | A7
0.094 0,508 850 295
P .
2BW-14 (3-33?, (3;32, STOP | o3 | z00 | ®'° |23 | oz | A
N 0,094 0.508 723 295
START ° 0.19
CYCLING {0.037)_| (0.200) (1049) |22 | AR ey ekEs
0.333 | 0.808 723 295
TOP 4
) STOP | oian] ae | %% | (toag | o2y | A7 THROUGH
— 0.155 | 0.838 255
TART . 1 -
sizinG Lo (0.061) | (0.330) | %'® 720 | AR
0.157 | 0.838 850 295
.333 TOP 1
ew-17l © Yo B2 s woe2) | 0330 | %'° | (23| @2 | AR
) ) START| 01567 | 0838 | 4,9 | 723 295 AIR 2891 CYCLES
CYCLING (0.062) | (0.330} (104.9) (72) T0 BREAK-
0.333 | 1.003 ¥23 355
.3
~ STOP (6.131) | (0.395) 0.33 (104.9) 72) AlIR THROUGH
0.157 | 0838 295
TA . . _
sizine 2T (0.062) | (0.330) 0.19 g2) | AR
0.160 | 0.838 850 265
. P .
2BW-18 (g 328 el STOP | o063 | 0330 | %'° | a3 | w2 | AR
' sTaRT| 0160 | 0838 | g,y | 633 295 1 AIR 6480 CYCLES
CYCLING (0,063) ‘°~g3g) (92,5 {72) TO BREAK-
0.323 | 1.05 638 295
P .
STO ‘0112;” (0.415) 0.31 _ 72) AIR THROUGH
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Table 22:  Uniaxial Cyclic Tests of 0.33 cm (0.13 Inch) Thick Surface Flawed
Inconel X750 STA Weld Metal § at 789K (-3200F)

_ & TEST
- b o=
- X I N - [
- [ (1Y) — w
2 ) E oT | % 2 Z
- = - I 7] [+ o W
S |2dzl3zz TEST w- | 25 | F [o% |3 = ARKS
S o |2 Z O|Z £ Q| PARAMETFRS S| 42| %e|ds | & Z REM
w2 00 E0ES AT OZ | xe | Gn |EE || &
o v o= Q= Q x> W =
?Z1EFEozE ze | 2° |2 |BE |32 3
© 66| = x ==\ z
Q w Y Ww
~ £2
0.14 0.831 295
- 0.1 _ IR
SIZING START | (0.058) | (0.327) 8 gz |~
sToP D 0.831 ~ Tes0 295 AR
> | (0.327) (123,3) | _(2)
0.831 . 78
| o333 | 826 | Looor sTaRT| [T>] 0.a0m) - laz0 | M2
2BW-7 | (0.131) | (3.26) 0.155 | 0.831 1 959 78
sTop {0,061) | (0.327) 0.19 (138.1) | (-320) LNz
sTarT| 0155 | 0831 | 4,49 |B16 78 LN 2337 CYCLES
(0,061} | (0.327) {(118.3) | (-320) 2
CYCLING 0.333 | 1.011 816 78 TO BREAK-
sTOP . . 0.33 LN THROUGH
{0.131) | (0.398) {118.3) | (-320) 2
0.140 | 0762 355
™| 0 ] _
SIZING START | 0.0s5) | (0.300) | '8 | a2 | AR
SToP > 0.762 ~ &80 265 o
(0.300) (123,3) {72)
0.763 ~ 78
sewi 0333 | 823 | oo START| [L (0,300) - | 3200 | N2
BW-11 (0.131)] (3.24) stop | 0142 | 0762 | 7| 959 78 N
10.056) | (03000 | (139.1) | (-320) 2
sTART| 0-142 [ 0762 1 4,9 | 959 78 LN 370 CYCLES
{0,056 | (0.300) (139,1) | (-320) 2
CYCLING 0333 | 0762 o509 78 TO BREAK-
STOP | ©iaan (0'%’9-2 o4a [ 9% 1 (a0 | W2 THROUGH
0.093 | 0435 | 255
SIZING START| o037 | (0.195) | 21° - g2) | AR
srop | 0092 [T0.495 [ | 850 355 on
10,037 | (0.195y ] 2'° juz3a) | a2
6094 1" 0.495 78
028 | 823 | oo |START Looan | o.r9s) | 19 | - (-320) | N2
2BW-12 (9.120)| (3.24) ROOF [ o | 0.084 | 0495 T~~~ 59 78 n
, (0.037) | (0.1985) | < (139.1) | (-320) 2
sTarT| 0094 | 0495 | 4,5 | BIO 72 ] w, | 11683CYCLES
{0.037) § (0,195]) (118.3) | (-320) 2 TO BREAK
CYCLING  op | 0:328 10787 | o0 | 876 8 LN THROUGH _
(0.129) | 0310 & {118.3) | (-320) 2
0.163 | 0810 795
START| 0 ea1] oa191] 2° _ 2y | AR
SIZING St o =)
, sToP osw0 | _ | 8 295 | AR
{0,319) 1233) | 72)
0.810 78
sewo1s| 0333 | 825 | o000 START D’ (0319)| ~ - 3200 | SN,
~15{ (0.131) | (3.25) stop | 0175 | 0810 | o 7| 59 78 | o
{0.069) | (0.318) (139.1) | (-320) 2
sTarT| 0175 | 0810 1 ., | 719 78 1 4N 4886 CYCLES
{0,069} | (0.319) {104.3) | (-320) 2 | 70 BREAK
CYCLING 0.333 | 0.897 7io 78 -
STOP * 0.37 LN THROUGH
{0.131) | 10.353) (104.3) | (-320) 2
0.173 | 0.940 35
SIZING START | (0.068) | (0.370) | %'8 - g2 | AR
sToP 0.940 850 295 | =
, 103701 ] — | (123.3) 72)
0940 78
oworel 0328 | 822 | oo [START ©370) |~ ~ 20| N
0.129) | (3.24) sTor | 0185 [T0940 | T 858 78 T
{0.073 (0,37 (139,1) (-320) 2
START| 0-185 | 0340 | " 816 78 1 1905 CYCLES
(0.073) | (0.370) (118.3) | (-320) 2
CYCLING 6.328 | 1.062 816 78 TO BREAK-
STOP | (07120) | (0a18)| 93! | (1183 | (3200 | LN, | THROUGH

D GROWTH DURING O INDISTINGUISHABLE FROM GROWTH DURING PROOF
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Table 25:  Uniaxial Static Fracture Tests of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Base [Metal at 295°K (720F)

8 TEST
©
- T_|Ez|b =
z don —~ T I =
o [ — a (O] 5w
G5 128Fi2=x TEST B8 |22 1% |48 5218
=hizw -5 0Z < noe |l b~ v REMARKS
2w (2081250 parameTers |SZ | B2 | B8 188 | BEe | 2
wsS =X~—-ok= AT o E v E o® o £ s RV o
az |l gi=2 I © O ° == w
w OT oLz § s = a° >
o2 ¢ e < b s >
= Q 1 5] = zZ
O i &
0229 | 6.35 0.152 | 0.742 298 395
1A-1 100901} (2,50 FAILURE 00601 1 10292) | 921 | aazn | (2 | AR FAIL MODE
0.231 | 635 0.074 | 0239 385 295
1A-2 1 0.091)] (2.50) FAILURE 0.029) | (0.003) 031 | o) | 2) | AR FAIL MODE
0.229 | 6.35 0.122 | 0.50 330 395
1A-3 1 (0.090)] (2:50) FAILURE (cos8) | (0.198) | 924 [ qars | o2 | AR FAIL MODE
0231 { 6.35 0.102 | 0.381 359 295
1A-4 1 (0.091) (2.50) FAILURE (0.040) | 0150y | 927 | (s2.1) | w2 | AR FAIL MODE
63235 | 6.35 0174 | 0515 398 355
1A-5 1 (0.000) (2.50) FAILURE ©0.045) | (0203) | 922 | 36 | @2) | AR FAIL MODE
" 0234 | 6.35 ‘ 0.089 | 0.775 345 295
A9 1 (0.002)] (2.50) FAILURE (0.035) | 0.305) | 911 | 50 | gz | AR FAIL MODE
0.534° 8.35 0.157 | 0.399 350 265
1A-10 | (5092)| (2.50) FAILURE ©0.062) | (0157 ] 940 | o7y | p2 | AR FAIL MODE
0.234 6,35 0.180 0.940 285 295
TAW-13 (5002)| (2,50 FAILURE w001y | w03t | @10 | @i | w2 | AR FAIL MODE
0,236 6.35 0.135 0.737 319 295
M1A-1 (0093 (2,50) FAILURE (0.053) (%..2790) 018 | ag3 | gz | AR FAIL MODE
0.231 12,7 0.142 J37 312 295
MIA-2 | (0091)] (5.00) FAILURE (0.056) | (0200 | ©1° | (as3) | g2) [ AR FAIL MODE
Table 26: Uniaxial Static Fracture Tests of 0.23 cm (0.090 Inch) Thick Surface
Flawed 2219-T62 Aluminum Base [letal at 780K {-3209F)
. < TEST
- z E |y G| 5
z T | & =
W —‘§§~:{;* TEST w 25| < o2 | 5 ¢
sw|SSE255 ox | Uz |3 <2 Z | REMARKS
S o [Z2Z 8|2 £ 2 PARAMETERS | 0 § 42| ¥ 1dQ e Zz
w3 [00gekE AT 6Z | xT | 4SS |wE |« g
a. - - 2 = Q E [s i w _
HhZ|ETXT e ol £ -  ° g - Z ag S
Ok G (3] S g . ot n= s2 z
c_|° px | W
0,051 0231 —_ 295 "
START R NO CRACK
7 {0.020) | (0.091) | %22 gz | ™ GROWTH
0.229| 635 | SIZING
1 ; . sTop ] 0051 0231 | oo | 332 295 | arm
A-6 (0,090} (2.50) (g,ggc:) (g_gg:) - (ggéz) (712)
: x - 78
FAILURE | (g020) |0.001) | 922 | z3.3) | 13200 | "2 FAIL MODE
0.107 | 0.488 _ 295 | A
0220 | 635 | sizine LSTART|00a2) |10.192) | O gz | A7 Aa = 0.015 cm
147 | 0osa| (2 0.122 | 0.488 332 295 | Ar .006 INCH
¢ (2.50) STOP | 0043 |(0.192) | 225 (48_.’2) (72)
0.122 | 0.483 24 78 "
FAILURE @348 | 0102 025 | el | com | WN2 FAIL MODE
6075 T 0.762 295
START|(0.031) | (0,300) | %'° - qz_| AR NO CRACK
0236 | 635 | SIZING 0079 [ 0762 | o, 332 295 GROWTH
1A-15 | (0.093)] (2.50) STOP | (0,031) | (0.300) 10 {48.2) 72y | AR
0073 | 0.762 442 78
FAILURE wo31) | 0300 010 | osn) | oy | N, FAIL MODE
0.145 | 0.396 — 295
START | 0.057) | (0.156) | %7 g2y | AR NO CRACK
0234 | 635 | SIZING =179 145 | 0.396 332 295 GROWTH
STO . -
1A-16 (0,092) {2.,50) (0,057) | (0,156) 0.37 (48.2) (12} AlR
0.145% 0,396 447 78
FAILURE | 5%57) | 056 | @37 | 64.8) | (.320) | “N2 FAIL MODE
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Table 27:  Uniaxial Static Fracture Tests of 0.23 cm (0.090 Inch) Thick Surface

Flawed 2219-T62 Aluminum Weld fletal § D

“ g‘. _ TEST
- E E UJ‘ — w‘ E
P-4 0] - o. -— o«
L5 :gf:‘l;f TEST & T E‘I’ 3 °% |35 : REMARKS
5@ |2 2 8|Z £'Q| PARAMETERS ¥5 JZ | 5o |4ds R z
mg CRSE [ =t AT OZ | X 5% wE T €
SZ|ZT |3 E ce | 2°| & [E2 |28 | S
Ok 5|02 o6 S [ « w= s >
[3] o [
(&) & )4 w
0.236 6.35 . 0,112 0.488 312 295 FAIL MODE
1AW-1 | (0,003) | (2.50) FAILURE ©.084) | (0.192) 0.23 @s3) 1 o2) AIR
0.236 6.35 04 » 295 FAIL M E
1AW-2 | (0.093) | (2.50) FAILURE (O.U;;) (8.143) 0.28 %%64")“ 2‘9’,? AIR . ‘,\ L ob
0234 | 635 0.1 29 AL MODE
2w-al 10092) | (350) FAILUKE | (0.048) 10.199) 025 wa | 02 AR L Mob
0234 | 6.35 0117 T 0. FAIL MODE
[3;1 aw-al (0.092) | (2.50) FAILURE (0.046) | (0.196) 0.23 W | 02) AIR L
0227 | 635 X ; FAIL MODE
1aw-5 | (0.087) | (2.50) FAILURE 0.023) | 0.12n | 18 | (52,40 | (72) [ AIR L
0326 | 635 0.170 | 0.876 270 295 FATLMODE
1AW-6 | (0.089) | (2.50) FAILURE (0067) | (0.345) 0.19 @0 | 02) AIR LMo
5536 | 6.35 0.058 1 0.660 255 CATL MODE
1aw-7 | (0.093) | (2.50) FAILURE (0.023) | (0.260) | 0% | (a8 [ (20 | AR "
0.229 6.35 0,099 0.290 346 295 FAIL MODE
1aw-9 | (0.090) | (2.50) FAILURE 0.039) | (0.114) | 934 | 5020 | ‘w2 | AIR L Mob
0234 | 6.35 0.107 | 0.490 323 295 AL MODE
1Aw-11] (0,092) | (2.50) FAILURE (0.042) | (0193)| 922 | 69 | 72) | AR L
0.231 6.35 0.086 0.381 332 295 M E
1AW-14] (0.091) | (2.50) FAILURE (0,034) | (0.150 0.23 (48.1) {72) AlR FAIL MOD
START 3'831 g'?;’,g 0.22 - 232) AIR NO CRACK
SIZING (0,032) 4_‘..‘.: 48) 1= {72 GROWTH
0231 | 635 mop | 0081 T o076 17~ | 532 205 | o
1aw-8 | (0.091) ] (2.50) S {0.032) | (0.148) | ©- (48.2) (72)
0.081 0.376 415 78 LN
FAILURE | (0.032) | (0,148) | 922 | (61,2) | (-320) 2 FAIL MODE
051 | 0231 295
START (Lc?gO) (gggu 0.22 - m2) | A7
SIZING . + 332 295 NO CRACK
0226 | 6.35 - 0.051 | 0231 | o R NoShee
1AW-10{ (0.089) | (2,50} STOP | p.0200 ) 0091y | O (:g_g_) (_712)
0.051 0,231 LN
FAILURE mel) 0.22 (68,2) (-320) 2 FAIL MODE

UNLESS NOTED OTHERWISE
CRACK IN WELD HAZ
CRACK IN WELD FUSION LINE
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Table 28: Uniaxial Static Fracture Tests of 0.46 cm (0.18 Inch) Thick Surface
Flawed 2219-T62 Aluminum Base Metal .

-

o tg‘ _ TEST
™ E. E LA; L'u‘ E
2 D=8 =
3w g8slgzzg| Test N HIENM A z MARKS
20 (22323 PARAMETERS | OF | JZ | Do |8 | z RE
m% Vo Z|8R= AT oZ | x¢ 5% wE | « &
& Tl <= | Q o wo =
zZ|exelS3 § o« z°| g = £ Qo >
OF 5|02 o SE - o neE s< Z
5] o W w
0.462 | 12.70 FAILURE 0245 | 1.262 | .. | 322 295 AIR FAIL MODE
2A1  |10.a82) | (5.00) {0.098) | (0.497) (36.7) (72)
0.460 12,70 0.157 0.737 295 1
2A2  |(p.181) | (5.00) FAILURE (0062 (0:290) 0-21 G5 | o2 AIR FAIL MODE
0.460 | 12.70 K A i
2AW-17 (0.181) (5.00) FAJLURE (0.084) | (0.410) 0.20 (AZQ (72) IR FAIL MODE t
0.140 | 0.622 295 |
- AlR
SIZING START| (5.055) | (0.245) | 922 (72) NG CRACK .
sna | 060 | 1270 ~op | 0140 | 0622 | o | 332 255 | i Asficsal: :
{0.181) | (5.00) s (0,055) | 10,245) : 148,2) (12)
FAILURE o05s) | 0248) | 022 6o | ag0 | M2 FAIL MODE
TATY - 3
sTaRT | 200 | 0308 | 020 | - i B aa = 0.030 cm i
SIZING 0234 | 1.011 337 | 29 {0012 INCH)
2a.6 | 0460 [ 12,70 sToP | e 023 | (ag2 AlR
(0.181) | (5.00) (g:ggi) (0:308) (48.2) 22) :
FAILURE | (0.09) | (0.398) | 925 | 61.6) | (320) LN, FAIL MODE
J
é
Table 29:  Uniaxial Static Fracture Tests of 0.46 cm (0.18 Inch) Thick Surface Flawed
, 2219-T62 Aluminum Weld [letal §
o & TEST 1l
- 3 EF_o|w _ : - :
= —_ T T o = p=d
Frix@TITST|  TEST s5|1go|< 2 s_| &
SWizWOZ 0 bZ | W2 | 5181 Py 2 REMARKS
= —Zz;—}__Z PARAMETERS = = n e Eo =
WolcOeiEs ¢ AT CE|¥XE|lo" eS| G¥| €
[ 5 (&) E 5 1
= i
0.455 | 12.70 0.162 { 0.737 321 255 FAIL MODE !
: 2AW-1| (0.179) } (5,00) FAILURE  |(0i060) | (02000 | ©2' | (a6.5) | (72) | AR i
0.450 | 12.70 0.094 | 0.396 392 295 FAIL MODE
2aw-2| @171} (s.00) FAILURE ©.037) | 10156 | 2% | s69) | @2) | AR i
0076 | 6,300 | oo ~ 295 o !
0.457 cizing | | 10,030) | (0:118) 5 12) NO CRACK
. 1270 | ° 0.076 | 0.300 2 GROWTH i
2AW-31 10.180) | (5.00) STOP | (9}030) | (0,118 | 9%° wa2) | 02) AlR |
0.076 | 0.300 78 FAIL MODE {
FAILURE (0030 | (0118 | %% | te8.) [ 320y | N2 i
0.135 617 285 i
START | 0553 | (@ 0.22 - g2y | AR Aa=0.020 cm !
|ZING {0,053) | {0.243)
0.460 | 12.70 siz! 0,155 0.617 0.25 332 295 AIR (0,008 iNCH) N
) 2Aw-14f (0.181)| (5.00) STOP | (0.061) | (0.243) | 482) ) (72) ~:
- 0.155 | 0.617 434 78 FAIL MODE :
FAILURE w0061 | 0243 | %?° | (63.0) | (3200 | N2
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Table 30: Uniaxial Cyclic Tests of 0.23 cm (0.090 Inch) Thick Surface Flawed

2219-T62 Aluminum Base Metal at 2959K (720F)

© TEST
L] o~ =
- E |E_ |y W | B
z OT | % 5 | i
3 g8zlgzg TET 212803 |s22 Z | REMARKS
So|ZZY|Z T PARAMETERS | 05 | 02 | B¢ 188 | & z
Sz lo8goEE AT 0Z | x¢ | 5S|uE || g
52[z2 = 2° S| 28|82z |8z | s
Elo= e | < @ 3 )
oF s ° ©s | & o =v | &
Ww
© - O
0.117 | 0.495 | 0.24 — 295
1ZING START | (0.046}] (0.195) {721 | AR
8 Tor 0.137 | 0.495 | o0.28 332 205 |~
1a-g | 0224 | 6.35 STO {0.054)| (0.195) 48.2)]  (72)
(0.088) | (2.50) Tare| 0137 [T0.495 | 0.78 282 206 |
cveLinGl o TART | (0.054)] (0.195) (40.9)| (72) 655 CYCLES TO
Tor | 0.224 | 0.603 [ 0.32 282 205 [ o BREAKTHHOUG»‘H
s (0.088)| (0.273) (0.9 | (72)
U704 | 0.483 T 6.32 755
SIZING START | (0.041)| (0.190) . (720 | AIR
0.114 | 0.483 | 0.4 332 295
0234 | 6.35 STOP | (0.045)| (0.190) 148.20] (2 | AR
1a-11 | @ - 0.T74 | 0.483 | 024 249 295
0.002 ) 250 oL [SIART | o0ss)| (0190 eenl (20 | AR 1o, cveles To
stor | 0234 | 0719 | 0.33 249 295 | = | BREAKTHROUGH
{0.092)| (0.283) (36.1} | (72)
0.0563 | 0.259 | 0.21 — 295
zing ETART | (0.021)] (0.102) (720 | AR
s orop | 0-053 | 0.269 | 021 332 205 | -
635 (0.021)| (0.102) (48.2 (72)
1a-14| 0.234 . 0.053)| 0.259 | ©0.21 249 295
(0.002)| (250 | . |START | (0.021)] (0.102) @enl (21 ] AR ! e7i8cvcLES TO
stor | 0234 | 0719 [ 033 249 295 | | BREAKTHROUGH
{0.092)| (0.283) (36.1) | (72)
0.102 | 0.483 | 0.21 — 295
sizing  oTART | (0.040)] (0.190) (72) | AR
stop | 0140 | 0483 | 029 332 205 |
0.234| 6.35 (0.055)! (0.190) (48.2) | _ (72)
1A-171 (0.092)| (2.50) 0.140 | 0.483 | 0.29 199 295 R
START | (0.055)] (0,190) sa| (722 | A 9787 CYCLES TO
CYCLING 0.234 | 0.762 | 0.31 199 295 BREAKTHROUGHI
STOP | (0.092}| (0.296) (28.9) (72) | AR
0.053 | 0231 | 0.23 — 205
sizing |START | (90213} (0.091)] 17221 | AIR
0.053 | 0.231 | 0.23 332 295
0.231 | 6.35 STOP | (p.021}] (0.091) (48.2) | (72) | AIR J
1A-18 | (0.091)| (2.50) 0.053 0.231 0.23 249 295 SPECIMEN FAILE
cycLinG |STABT | (a021)] (0D.091) {36.1) (72) | AIR_| ON 7802 CYCLE-
0.147 | 0.356 | 0.41 249 295 MACHINE
STOP {p.058)! (0.140) (36.1) (72) AlIR MALFUNCTION
0.104 | 0493 ] 0.21 — 295
azing PrART | noanl (0104) (72) | AIR
: R 332 295
0.234| 6.35 STOP,, ! ! (48.2) ;7925) AR
- 332
1A-19 | (0.092})| (2.50) sTART | | 1 - (48.2) (720 | AR | 31 cveLes To
CYCLING L op | 635 | 0775] 030 332 295 ' BREAKTHROUGH
{0.092) (0.305) (48.2)| (720 | AIR
0.091 | 0381 024 _ 295
SIZING START {0.036) 10.15% (72) AlIR
sToP 0.001| 0.381] 024 332 295
0.236( 6.35 {0.036) (015Q) (48.2) {(72) AIR
1a-20 | (0.003) (2.50) 0.091 | ©.381] 024 249 295
cveLing PXART | (o.036)] (0.150) (36.1| _(72) | AIR | 4084 CYCLES TO
0.236 | 0.660 | 0.36 249 295 BREAKTHROUGH
STOP | {0.093)] {0.260) | oeenl (72) | AR
0.076 | 0.381] 020 ~ 295
START | (0.030)] {0.150) 1 @2 | AR
SIZING 0.080 | 0.381| 0.23 333 295
= 0.226| 6.35 STOP | (0.035)| (0.150) 48.2)| (721 | AIR
1A-27 | (0.089) (2.50) 0.089 | 0.381| 023 249 295
‘ cvering FSTART | (0.035) {0.150) (36.1) (720 | AIR | 3122 CYCLES TO
0.226 | 0.706 | 0.32 249 285 BREAKTHROUGH
STOP 10.089)| _{0.278) (36.1) y 1 AR

DNOT DISTINGUISHABLE

D RESIN IMPREGNATED CRACK
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Table 31:  Uniaxial Cyclic Tests of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Base lletal at 780K (-3200F )
g T
- & TES
- b x
: = [ ; =
dhg=ld e~ - T Y = w 4
Zo <@ TiT 3T TEST al | 80| < ey | &
Wy |ZwOiz £ 0 ws | 2z | x ;¥ | oz | =
§g 322 Z T Z| PARAMETERS R R B 85 | 2o 2 REMARKS
= = fA =
B3l1z0ez2F AT SE|xE|8S|xE | gx e
aZzloxojoF o <° < Ez | We =
7] o < P a >
L 5] o« S = | s Z
[5) w w
’—-
5117 | 0503 ~ % AR
SZING sTART| 00 | (01mmy | 023 (221
srop | 014z [T0813 T o T 332 25 | am
(0.056) | (0202} 1a82) | (72
142 R kS 78
rauiz | 0231 ] eas stant| 0002 | ozom | 028 | - | o | M2 | 12210cvctes
woon| 280 | PROOF o1 0742 |~ O.ETY 381 L] Y TO BREAK=
0058 | 020n | 928 | gg2) | (-320) 2 THROUGH
NUSE L M ECEAE 229
START
CYOLING {0,058) 028 | 33 | 3200 | M2
ror | 0231 | 0#e3 | [ 228 n
0.001) | 1027131 | & E32) | L3201 2
5107 | 0.478
START - —
81ZING 0.042) | (0.188) | 922 tr2) | AR
sTor | 0.123 | 0478 | 020 | 332 79 o
0049 | (0.158) 4820 | (72}
173 | 0.478 ¥8
TART - - 2043 CYCLES
14-13 | 02341 638 | pacor 8 (0.048) | (0.188) | 9-2¢ : (3200 | "2 | 7o eReak-
(0.092)| (2.50) stor | 0423 10478 |, .. | 381 78 ™ THROUGH
(0.048) | (0.188) (68.2)_| (-320) 2
STAAT| 0.123 0. 323 78
o048) | 0188 | ©2% | aeg | (320 | M2
CYCLING
stor | 0238 'Ry - 323 78 n
10.092) (6.8) | (-320 2
6.007 | 0.483 i1
azme AT oo | 0190 020 | - oz | A"
sTOP 0114 0.483 024 332 288 AIR
(0.045) 1 (0.190) 82 | (72
14 | 0.483 38
1a-21| o23s| e3s | rroor [STARTI oes | 0.190) | 024 - leseo, | M2 ses CYCLES YO
©0.092] 280 6.114 | 0.483 T 78 SREAKTHROUGH
sTor (0.045) w0190) | %24 | #s2 o200 | M2
114 | 0.483 8
CYCLING START] (0.045) | (0,19 024 | 5s2) | (-320 LNy
aror | 0234 fos6 389 78 N
10092 [10.338°75027 | 8.1 | (-320) 2
X ; - 798
mzma |5TANT ] o021 [r0cr0p | 921 pn | A7
sTOP 0.056 0.259 0.22 332 295 AR
t9022) | 0.102 (@82 | (721
066 | 0.269 78
START 022 - LN 8028 CYCLESTO
022 | e38 {0.022) | (0,102 (-320} 2
14-22 | (00001 | 2801 | PROOF 0.066 KEL 361 2 BREAKTHACUGH
s70f | 0%022) | 1021 | 022 | ss.2) | 1020 | M2
0. 323 ki
CYCLING S8TART{ (9.022) | (0.102} 022 (46.8) | {-320} LN:
sTOP 8130 | 0472 048 323 3 ~
(0.080) | (0.188) | ©- 48.09) | (-320) 2
0115 | 0523 796
sTanT!| O — AR
SIZING | o208 | 023 {12}
wror | 0188 | 0.636 [T o T 352 298 an
_{_(0,250) _(48,2) | (12}
0.168 i -
0231 | sa3s | eroor |5TART | io0ee | 020 | 028 = | (a0 | N2 |L387CYCLES TO
1A-23 BREAKTHROUGH
0081 2,80 Tvor | 0168 | 063 | T0 7 T
©.000) | 10.250) €5.2) | (-320 2
0168 | 0.635 05 78
cveLing |52 o oss | 102500 | 928 | 4131 | t-3200 LNy
0231 | 0718 75
stor | 9230 | oze3 | 992 | @ | ca20 | M2
0. 07 _ 298
sizine [START 040 w150 0.24 - 205 | ~e
X K 296
STOP | o'oa2) | 0681 | 025 | ey | o2y | AP
0.107 | 0.427 0
.4 | 0238 | 638 START | 0ed) | 101 08 - § tN, |2488 cvcLes 1o
1A-24 |16502) | 2800 | "ROOF STt oros) rago) BREAKTHROUGH
aTor . 0427 1 oo | 381 78 ™
(0.042) | (0.168) 166.2) | (3200 2
sTanT | 0407 | DAV g g | 225 78 N
CYCLING (0.168) 2 (;;.u) {-320) N2
sTop | 0234 - 0.3 3 78
(0.092) | (0.248) 7 | wem | 3200 LNy
0074 | 0368 298
TART -
sizing |2 aam | 020 |~} o2 AR
sTOP 0.089 0.388 024 295 AR
14 482) | g2
0.089 0.368 7
1aze | 0224 | w38 b {START ! g035) | (0i1a5) | 024 - 320 LN, | 4883CYCLESTO
{0.092) } (2,50) 0.089 0368 381 35 BRAEAKTHROUGH
sTOP y ‘ 0.24 . LN
10.035) | (0.145) (85.2) | -320) 2
6.089 | 0. 7k i
eveuns |5TAPT |05 | 0.4y | 924 | wes | 320 LN,
5234 | 015 K] 75
sT0P | o002 | (02420 | 038 | wem | 3200 § N2

SPECIMEN WAS CYCLED FOR 718 CYCLES AFTER BREAXTHROUGH
SPECIMEN WAS CYCLED FOR 130 CYCLES AFTER BREAKTHROUGH
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Table 32:  Uniaxial Cyclic Tests of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Weld Metal § at 2959K (720F)

255

o TEST
© o~ .
; FoEo g e
g = —_ T T o = =
Zoc |gBEIZ=T ST aflod | « o5 |« W
wilzw o3 -5 TE z I ;¥ 2 =
mIEz2Z2|2T = w < 7] &3 = REMARKS
S0 IGZZIZEZ| PARAMETERS | O S | W2 U8 1 Gq | &2 | 2
WO lxrQegl¢ AT SE! XxE|Q® cE Ty | &
nZlox sig=o > 2 < n g o s
= O o« O = z
& = w
0.081 0.361 295
SIZING START (0,032} ] 10.142) 0.23 e (72) AlIR
0.089 0.361 0.25 332 295
b aniz] 0231 | sa5 STOP [ 0.035)| (0.1az) L 0% | s2) | 172 AR
(0.091) | (2.50) stanT| 09891 0361 1 025 | 2o 3 | aim | 1iescycies
CYCLING (0.035)| (0.142) 409) | @2 § AR 1 REAK-
0.231 | 0.589 0 282 295 THROUGH
STOP | (o.001)| (0.232)} © (40.9) 72) | AR
5.070 | 0.356 295
sizine LSTART | (ol0an)| (0140 0.22 - 72, | AIR
oTop | 0099 | 0356 | o9 | 392 295 o
L Aw-15 (3.229) 6.35 (0.039)| (0,140 - {48.2) (72)
090) | (2.50) 0.095 | 0.356 249 295
. 3
eveLING START | 0i039)] o1a0r | %% | @en i g2y | AR LA i
0.229 | 0.840 249 295
STOP | (0.000)| 0252) | ©3¢ | 36y | 320 | AR THROUGH
0.051 | 0.198 ” 295
START| (0l020)| (0079 | %2° g2) | AR
SIZING 0051 | 0198 | 5. | 332 295 AIR
1 AW=17 (g-gg:) (g-gg) sTOP | (0.020)} (0.078) - (48.2) (72)
g . 0.061 ] O.158 282 295
M 0.26 4220 CYCLES
cveLne IETART] 00201 (0.078) 409) j__72) | AR T AREARS
02311 0538 | o043 | 282 295 THROUGH
STOP | (0.091)| (0212) | - 09) | @2 | AR
SIZING START | (0,030)] (0.140) - (12}
0.076 | 0.356 | o0.21 | 332 295 AR
1aw-18| 5252, ‘g'gg) STOP | (0.030)| (0.140) (482) | 2
- . stapt| 0076 | 0.356 0.21 332 295 AIR 332 CYCLES
CYCLING (0.030)| (0,140} {48,2) 1 - (72). 10 BREAK~
sTor 0234 | 0.635 | o037 | 332 295 AIR THROUGH
{0,092)| (0,250) 148,2) 721
0,038 0.152 0.25 295 IR
SIZING START | (0,015)] (0.060) - (22} AR
0,038 | 0.152 0.25 332 295 AIR
1aw-23] 2251 S22 STOP | (0.015)| (0,060) 48,2) | _(22)
X . ctanT| 50381705z T 025 | 282 205 AR 5316 CYCLES
CYCLING (0,015)] 10.060) 140.9) 22) 1O BREAK.
stor 0226 | 0508 | g.a44 | 282 205 AR THROUGH
{0.089)} (0,200) | (40,9) 22)
0.067 0.333 295
. - AIR
D sizing ETART] (0.027)] 0.a31) 021 - 72) !
0.084 | 0,333 332 295
1aw-24] 2229 | 835 sToP | (0.033)| (0131 | 25 | @e2) | w2 | A7
. : sTArT| 0084 | 0338 0.25 282 295 AIR
CYCLING (0.033)] (0.131) - (40.9) {72) 1436 CYCLES
0.559 282 TO BREAK-
stop | 0229 [ O 0.41 295 AR
{0.090)| (0.220) . (40.9) (72) | THROUGH
0.067 | 0.363 255 AR |
1ZING START | (0"0o7) (g_; gg) 0.19 - 72)
0,071 B 314 295 IR
1aw-2s| 0231, ‘g'gg) STOP | (o'ozey| 0143 | ©2° | ase | o2 | A
’ : START| 0071] 03683 1 ., 199 295 AIR «
ey (0,028)| (0.143) {28.9) 72) 10,257 CYCLES
CLING 5.607 3 TO BREAK-
sTOP 0231 . o028 89 255 AR
{0,001)] (0.239) - (28.9) (72} THROUGH
D RESIN IMPREGNATED CRACK




Tahle 33:  Uniaxial Cyclic Tests of 0.23 cm (0.090 Inch) Thick Surface Flawed
2219-T62 Aluminum Weld Metal § at 789K (-320°F)

o 3 TEST 3
- . - =
- T T R
- e = _ | & = w E
T |laB | o Ozx % 0 o w
HElawuT|e3T TEST L(IDJ_.\ Z O T 4 ) = :
= o |2 2 8|2 £ Q| PARAMETERS | S|YUYZ2|9%elus | & Z REMARKS
WS [0S EloR S AT Sz |« |55 |de || B
" ISEESE S ST 12°|& |E2 |8 3
[ 65| & w= | =-| 2
o W w
=0 .
0.076 | 0.356 — 295 R -
START | (00301 | 014 | ©2 gn | *
SIZING [ . | oose | 0356 | .. [ 332 295 AR
(0.035) | (0,140) - (48.2) 22) é
0.089 | 0.356 78
0231 | 635 | prooF START | (0.035) | (0.140) | 925 - a2 | N2 2628 CYCLESTO l
AW-16}(0.091} | (2.50) 0,089 | 0.356 381 78 BREAK- i
H.‘ STOP | o038 | 0.1am| 925 | (5520 | (3200 | M2 | THROUGH :
0.080 | 0.356 373 78
v START | 0035) | (0120)| ©25 | es) | (s200 | *N2
CYCLING I or 0.231 | 0.579 0.40 323 78 LN
{0.091) | (0.228) - (46.8) | (-320) 2 :
0.086 | 0,371 795 i
1ZING START | (0.034) | (0.186) | 92° - (72) AIR
s stop | 0097 | o371 [ o | 332 255 AR 1
(0.038) | (0.146) - (48.2) (72) H
022 6.35 START 0.097 0.371 _ 78 LN
h AW-19 (o.ogg) 250 | prookF (0.038) | (0.146) | 926 {-320) 2 I s27 cycLes l
OF Ieyor | 0097 [T0.371 [~ | 38T 78 T~ | 7O BREAK- H
{0.038) | (0.146) (55.2) | (-320) 2 | THROUGH l
0.097 0371 3871 78 f
" ;
CYCLIN START | o'03s) | 0/1a6) | 026 | (s52) | 320y | “M2 -
LING P | 0228 | 0.660 | o T 78 N -
(0.000) | (0.2600 | O (65.2) | (-320) 2 -
0.088 0.371 ' 295 EE
TAR -
S1ZIN START | (0.034) | (0.146) | 923 - 72y | AR
G IsTor 6707 [ 0371 | 337 795 A
(0.042) | (0.1a6) | © (48.2) 72)
6.10Y | 0371 V£
-
0.236 | 6.35 PROOF START | 0.042) | (0.146) | 9-2° - {-320) LN, | 4817 cycLEs
1 Aw-20|(0.003) | (2.50) sTop | 0707 [ 0371 [ oo~ | 3BT 78 | TO BREAK-
{0,042) | (0.146) | (56.2) | (-320) 2 | THROUGH
0.107 | 0,371 785 78
TA .
START| (00a2) | (0.146) | 922 | (41.3) | (-:320) LN, :
CYCLING 0.236 | 0.640 285 78 :
sTOP i y 0.37 LN :
0.083) | (0252)| % {41.3) | (-320) 2 ;
0.060 | 0.287 385
TA —
1ZING START | (01027) | (0113) | 924 wa | AR
sror | 0081 [ 0287 | o 332 2895 o -
0.032) | 0,113 | © 148.2) | @2)
0.081 | 0287 78 i
TAR - . i
0.234 | 635 PROGF START | (0.032) | 10,1131 | 028 {-320) LN, | 4401 cycLES E
1 AW-22(0.092) | (2.50) stop | 0081 [ 028y [ | 381 78 Ln. | TO BREAK- 1
{0,032} (0.113) * {65,2) (-320) 2 THROUGH
0.081 | 0.287 323 78
R »
cYeLIN START | (0032 | (0.113)] 928 | (es) | (320) | “N2 -
G erop | 0238 [ o589 [ [ 323 78 N z
(0.002) | (0232 @ (46.8) | (-320) 2 i
0.058 | 0.231 295 :
SIZING START| (5.023) | (0.001) | 9:25 - (72) AIR :
sTop | 0058 [ 0231 | = 337 295 R z
(0.023) | t0091) | ©- 48.2) | 2) Z
0.058 0.231 78 -
TART — =
0231 | 6.35 PROOF s (0.023) | (0.001) | 925 (3200 | “N2 | s3azocvcLes =
h AW-261(0.091) | (2.50) sTor | 0088 | 0231 [ - 381 78 tn_ | TO BREAK-
(0.023) | {0,091) b (65.2) | (-320) 2 THROUGH
0.058 | 0.231 323 78
R -
START| 0'023) | (0.001) | 925 | (a6.8) | (-3z0) | “N2
CYCLING 0.231 | 0.559 373 78
STOP : : 0.41 LN
(0.091) 0.220) * {46.8) {-320) 2
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Table 34:  Uniaxial Cyclic Tests of 0.46 cm (0.18 Inch) Thick Surface Flawed

2219-T62 Aluminum Base Metal at 2950K (720F)

3] TEST
@ ™~ el
- - I
I I w - =
> _J ; Ai - - ETx G T a 5 ;—,’: E E
Zc gBT|TSE|  TEST wd | 221§ 5% | Sg! s
S8 1228252 paRaMETERS | S2 | WZ | B8 188 [ Ko | Z REMARKS
oS xRl = x ¥5 | ok =1 0
s i=5Tizo AT Q E ¥ E | O I | ¥ o
o @ = Eic S E g © o @ b4 == wo =
hZoxrso=o o g < wg & >
. © S o w w
‘.—
0.102 | 0.404 265
START | (0.040) | (0.159) | 028 - 712) AIR
SIZING 0.104 | 0.404 332 295
0457 | 12,70 STOP 1 (0.041) | (0,159) | 926 | (48.2) 72) | AIR
2A-5 00 0.104 | 0.404 283 295
(0.180) | (5.00 START | (0.041) | (0.159) | 026 | (409) |__(72) | _AIR | 3785CYCLES
CYCLING 0457 | 1214 ] 282 205 | TO BREAK-
sToP | (0.180) | (0.a78) | @38 | (a0.9) 72) AIR THROUGH
— 0408 | 1.016 295 ]
START | (0.082) | (0.400) | 92! - 1 @2 ! AR
SIZING 0221 | 1016 | . 332 295
2A-7 0.462 12,70 STOP (0.087) | {0.400) - (48,2) (72) AlIR
{0,182) | (5.00) 0221 | 1.016 2 332 255
START | ooa7) | (0400) | ©22 | (a82) | (72) | AIR | 460CYCLES
CYCLING 0.462 1.753 332 595 TO BREAK-
sTOP | (0.182) | (0.600) | 2% | (as2) | 72) AIR THROUGH
0.201 | 1.016 ) 295
START | (0.079) | (0.400) | 0-20 - (z2) | AR
SIZING 0.2a1 | 1.016 332 295
0.455 | 12.70 STOP | (0,095) | (0.400) | 023 | (45 (72) | AR
2A-8 : ’ —[0.241 | 1076 282 295
{0.179)] (5.00) . 0.23 AR
cvevine oXART | (0,095) | 10.400) : (40.9) 72) 757 CYCLES
0.455 | 1478 | oo | 282 295 AR TO BREAK-
STOP | {0,179)| (0.582) | ™ {40.9) 72) THROUGH
— 6.201 | 1.03a 295
SIZING START (9‘97_91___12-_4_21)__ 019 3; 2172L AIR
034 2 95
2a-12 | 0457 | 1270 stor | Oova| waon | 92 | sz |z | AR
(0.180) | (5.00) 0:213 1.034 0.21 199 295 AR
cvering LSTART | 0084)| 0d0m | - (28.9) (72) 5495 CYCLES
0.457 | 1524 | a0 | 199 265 o TO BREAK-
STOP | (0.180)] (0.600) - (28.9) 72) THROUGH
0.152 | 0.625 295
sizing | START| (0060 | (0:2a8) | %24 - 2) | AR
0.152 | 0.625 | .. | 392 205 o
0.460 | 12.70 STOP | (0.060)| (0.246) | ™ (48.2) | _(72)
- ’ p . .62 2 3985
A7 | easn ) 500 cyeLInG LoTART (0,060) ©.048) | 02 (40.9) g2) | AR 3054 CYCLES
0.460 | 1.359 | o 282 295 o TO BREAK-
STOP | (0.181)] (0.535) . (40.9) (72) THROUGH
0.132 | 0.653 295
sizme LSTARTL oos2)| (o2sm | %20 - g2) | AR
0.140 | 0.663 | oo 332 295 or
Aw-16| 0720 | 12.70 STOP { (0,055 (0.257) | ©- s.2) | _72)
RAW-161 (0.181) | (5.00) 0.140 | 0.653 | o 282 255 o
CYCLING START | (0.055)] {0.257) N (40.9) (72) 3384 CYCLES
0.460 | 1270 | oo 282 265 o TO BREAK-
STOP 1 (g.181)! (05000 § {40,9) (72) THROUGH
5191 | 1.049 285
SIZING START (0.075)}| {0.413) 0.18 _ {(72) AlR
orop | 0201 [ 1088 T 327 205 o
b aw-1g| 0462 | 12.70 ° {0.079)| (0.413) : 41.4 72)
~'®] t0.182) | (5.00) 0.201 1.049 0.19 282 295 AlR 2480 CYCLES
cyeLing LoTART] (0.079)] 0.413) | ™ 409 72) TO BREAK-
or 0.462 | 1488 | a4 282 25 | on THROUGH
OPF | (0.182)] 0586) | 409 72)

257



Table 35 Uniaxial Cyclic Tests of 0.46 cm (0.18 Inch) Thick Surface Flawed -
2219-T62 Aluminum Base [etal at 789K (-3200F)

2] TEST
- o~
h - &= T
& 5 é E I 7| & z ¥
ad B =~ b} I o w ]
$5 13UE223 pannnis oz | &8 - X 2 | aemaRks
- ZZO|Z ¢ PARAMETERS V. = & A < 3
IR EERE AT SZ |1 x: 1% wE |« Q
w5 129354=n0= = § "Il w T =
T = q4 = Q z w
Bz|zTg £ g ? E ve | s
oF Bjo= EE | = E 1§82 2
3] w w
0.2 1.041 — 296 AR
STARTY | (0,082}] (0.410)] 0.20 (72)
BIZING 02241 1.041 332 206 AR
sToP (0.088)] (0.410)] 021 (48.2) 2
0.487 . 0224 |~ 1047 _ o s
240 | w0180 1229, | ProOF |sTART| (0088 10410 021 az00 | LNz |T%aCVCLERTO
0224 | 1041 8 LN, | THROUGH
sTor {0.088)| (0.410) 021 | (88.2)} (.320) 2
U224 1.0V 38Y T8 Y
SYART | (0.088)| (0.410) 0.21 (66.2}| (-320) 2
CYCLING— .48 1578 1N 78 e
sTOP (0,180)] (0.587) 0.30 (56.2)] (320} 2
0.194 1,034 5 AlR
SYTART | (0.076] (0,407} 0.19 - (12)
81ZING 0218 1.034 —¥57 296 on
STOP 10.086)] (0.407) 021 (48.2) (7728) :
0278 1.034 :
0.482 | 12.70 sTART | (0086)] (04070 0.2 - (3201 “MNa| 2974 cvcues
2A-11 | (0.182)) (6.00} PROOF 5318 | 1.004 i 78 e | 7O BREAK- :
SYOP (0.086)] (0.407§ 021 (55.2)} (-320} 2| THROUGH [
0.8 1.054 7k k] ™ !
START | (0.086)] (0.407 0.21 {46.8)] (-320) 2 |
CYCLING 046z 1514 323 78 | un .
sSTOP (0.182)] (0.596 0.31 (46.8)] (-320) 2
0.200 | E —25% AR H
START | (0.082)f (046K 0.20 - (72) SPECIMEN '
81ZING 8.234 1.186 295 AR OVERSIZED H
sTOP (0.092) (wu;;) 0.20 163.2) (77'.;) 23,658 CYCLES
B3| 1.4 "~ H
gt RES 4 sTART | (0.092) (0e7] 020 | =~ | caor| “MNaf TRSRCAN
24-13 | (0.181}{ (8.00) | PROOF 62341 1.186 @ 78 | in :
sToP (0.092)] (0.467) 020 (65.2)] (-320) 2 !
0234 1.186 228 78 FLAW P " <
sTART | (0092)] (oaen] 020 | (33.00] ta20] M2 l:R!GUELT; ERY -
CYCLING 0.460|  1.727 228 81 in =
STOP (0.181)] {0.6804 0.27 (33.0] (320} 2 N ;
0.206 | 1.059 _ AR i
START ! (0081} Q4170 0.9 {22) :
SIZING 0227 1.059 332 295 AR _
sTOP (0000} (Q.417% 022 | (48,2} (72}
78 i
0460 | t2.70 AT - y LN, | 2870 CYCLES =
2a-14 | o8| 8000 | proor P22 0.22 T (-320) TO BREAK- :

LN THROUGH -

svoP | D22 | (56.2)] (:320) :
285 78 LN H
: START 022 41,3 {-320)
: CYCLING 285 78 LN H
STOP 0.31 {41.3)] {-320) 2
: — 205 AR I
START 022 {72) :
. SIZING 332 295 |7 aim I
- STOP 48.2) {22} %
78
0.480 | 12.70 sTART | (0.054) 024 - Lazoy] Nz | 5998 CYCLES .
: : ek :
2A-18 |(0.181) | 18.00) | pROOF 0.137] 0592 3a1 78 n ig:o&;ﬁ i
STOP (0064) 10233 024 (55.2)] (-320) 2 {
ART 0.137] o.592 323 78 LN i
STA (0.0 2334 QD24 | (468 (- 2 [
CYCLING 0460 1.290 323 78 N
sToP | (0.181)] (os08) 036 ! (468 (320) 2 H
: 0,208 | 1,049 _ 208 AR i
STARY | (00821 (0.4 22} i
8IZING 0259 | 1.087 332 296 AIR H
. STOP 101021 (0.428) 024 1  [4B.2] 22 :
- 0.2569 1.087 78 1
0.480 | 12.70 START 1021 - {2201 LN, |5032 CYCLES !
Hza-n 10.181) | 16,00 | pROOF 0.306 19428 — 381 A TO BREAK-
syor 0.120)] (0485} 026 | (55.2)] {-320) 2 :
0,305 | 1232 228 78 i
veuna FETART (0.120)‘ woass) o025 | (33wl (zor] M2 £
cer STOP 0.460 | 1.544 228 78 i, i
(0,181} o608 030 | [33.00] (-320) :
0229 | 1.194 — 295 AR N
START] (0090} (0470)} 0.9 {12) :
= sizing p.284 | 1219 332 295 AR
STOP | w.a121) (casail 023 | (a2 (72
0.284 | 1219 - 78 N v
0.487 | 12,70 start| o®00 | odami a2 iazo) § SNz 1028 CYCLES >
- 2A-13 [(0.180) | (5.00) ] PROOF ° 0284 | 1219 381 78 . lTHRoLGH .
|STOP | (ga12)] toas0)l 023 (55.2) ] (-3201 B
T 0.284 1.219 323 78 LN
ISTART | (5112)] (0.480)] 023 | (458)] (-320) 2 -
CYCLING 0457 | 1.656 323 78 | o~ -
l j5TOF ] jonngll (o620l 920, 1 (40011 L220) 2
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Table 36:  Uniaxial Cyclic Tests of 0.46 cm (0.18 Inch) Thick Surface Flawed

2219-T62 Aluminum Weld Metal § at 295°K (720F)

o 8 TEST
. . =
- I X h [
« - w —_ u;
< - & T | € 7] 4 &
Selgdzlgzg TEST g |zZo |3 |[s%|2 | = s
A Z O|Z Q| PARAMETERS | O S| U2 | 8elds | % z REMARK
Gzl gz e <=1 Q05| < xz | wu | 3
OF 5|O% 6 CE | I P s | §2 | 32
o © Wy w
(k™)
0.142 | 0.643 295
sizing PART H(0,056) | (0,253 0.22 - 721} AR
0.231 0.643 332 295
2aws | 0320 ] oo STOP (0091 (0253) | o036 | (as2) [ (72 | A'F
. ' sTART | 0231 | 0.643 332 295 | AR 238 CYCLES
{0.091) | (0,253)| 0,36 | (48,2) (72) TO BREAK-
CYCLING THR
sToP | 0450 |~ 1.270 332 295 AIR OUGH
(0.177) (o.%?) 035 | (48.2) | (72)
0.137 | 0.6 295
sizine ETART | w0.054) | (0.251) | 022 — @2y | MR
0.163 | 0.638 332 295
2aws | (0180 | (200 STOP | (0064 | 0251 | 026 | (a8.2) | (2 | A'F
: : START | 0-16 0.638 282 295 AR 1265 CYCLES
CYCLING (0.064) | (0.251) ) 0,26 | (40.9) (72) TO BREAK-
stop | 0460 | 1.354 282 295 AR THROUGH
(0.181) | (0533) | 034 | (40.9) | (72)
0.057 | 0.242 295
sizing TR | 0.020) | (0.096) | 021 - 720 | AR
0.051 0,244 332 295
0.4 .
oaws | aon | 1200) STOP 1(0.020) | (0.096) | 0.21 | (as2) | (23 | 2'® 6325 CYCLES
‘ START | 0051 | 0242 283 295 AR TO BREAK-
CYCLING (0.020) | (0.096) | 0.21 (41,0) (72) THROUGH
sTop | 0457 T 1.041 283 295 | AR
(0.180) | (0.410) | 044 | (41.0) | (72)
D.T30 0.605 295
sizine L ART | 0.055) | 0:238) | 0.23 - 72) | AR
0.455 | 12.70 stop | O-187 " 0605 332 295 1 AIR
2aW-12| (0.179) | (5.00) 0.062) | (0.238) | 026 | (482) | (72)
START | 0157 605 168 205 AR 6600 CYCLES
CYCLING (0.062) | (0.238)| 0.26 | (28.8) | (72) TO BREAK-
sTop | 0485 | 1.252 199 295 AR THROUGH
0.179) | (0.493)| 0.36 | (28.8) | (72)
0.114 T 0.d88 295
sizing L RT 1 0.045) | (0192)| 023 | — w2) | AR
0.a62 | 12.70 stop | 0122 T 0.488 332 295 1938 CYCLES
2aw-13| 0182 (0.048) | 10.192)| 025 | 82| w2 | A'R TO BREAK-
182) | {5.00 START| 0-122 | 0488 283 295 THROUGH
CYCLING 0.048) | (0.192)| 025 | (4100 | @z | AR
STOP 0.462 1.18! 283 295 AIR
(0.182) | (0.465)| 039 | (41,00 | (72)
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Table 37:  Uniaxial Cyclic Tests of 0.46 cm (0.18 Inch) Thick Surface Flawed
2219-T62 Aluminum Weld Metal § at 789K (-3200F)

-
] 8 TEST
. 3 =
- o528 |ozly | B
= AP mtd s = I Q [T
BT |<B8TI=3E TEST 55 (22 g s 1521 ¢
2@ Z2 2 ZTZ PARAMETERS | O Z oz |88l | ket 2 REMARKS
ez |8 Elc E x5 (1 2°| < B2 | 2o <
A O 6jo=¢© - é o ws % >
‘_
© o © w 5
= e
0145 | 0.635 3
START | (0.057) | (0.250) | 923 - 72) | AR
SIZING 0.183 | 0.635 o 332 295 AIR
sTor | (0.072) | 0250 29 | (48.2) {72)
0.183 | 0.6356 78
2aw-6 | 0460 | 1270 | proor START | (0.072) | (02250) | %% = 4-320) LNy }Lsgf;{'.f_s
0.181) | (5.00) 0.183 | 0635 | o9 381 78 LN THROUGH
sToP | (0,072) | (0.250) . {55.2) | (-320) 2 :
0.183 | 0.635 381 78
) . N :
cveLing FETART | (0,072) | (0.250) 029 | 562) § (3200 | N2 :
0.460 | -1.346 381 78 ;
| sToP | (0.181) | 0530) | 038 | (s5.2) | (:32; | N2 i
5.137 | 0.635 295 i
sizing LSTART| (0.054) | 0.250) | 022 - g2) | A" t
0.152 | 0.6356 332 295 AR
STOP | (0,060) | (0.250) | 0-24 I (48.2) 72)
0.152 | 0.635 78 N
aaw-y | 0880 | 1270 | Looop |STARTY (0.060) | {0.250) 024 = (-320) 2 586 CYCLES
{0.181) | (5,00} 0.152 | 0.635 381 78 LN TO BREAK-
sTopP (g.ﬁ)gg) {0250} | 024 | (55 5y __(-31;? 2 ! THROUGH
. 0.635 322 LN Ed
cvoLinG FoTART (0.060) | (9.250) 024 | igen [ 1:320) 2
. 1,270 322
sToP | (0.181) | (o500 | 036 | (ae.7) | (3200 | N2
. 0.142 | 0.610 295
START | (o.056) | (0.240) | 923 - 72) | AR o
SIZING SToP 0208 | 0.635 — 332 5 AR *:
(0.082) | (0.250) | 933 | 4g2) | (72 :
5.508 | 0,635 78 7910 CYCLES
saw-g | 0457 | 1270 | START| (0.082)| t0.2500 | 9-33 - (3200 | N2 TO BREAK-
10,180 ] (5.00) ROO sToP 6.208 | 0.635 v 33 78 N THROUGH
(g.ggg) (g.zégg) 0. (ggéz)_ (-320) 2
. 78
cveune 28T ] ©0.082) | (0,250 033 | (33.0) | (azgy | N2 |
stor | oam | sy | 040 | 330 201 | HN2
o {0.445) (33.0) _(._%g_o_)_
0,001 | 0.287 5 R
I START| 0036 | @113 | 32 _ ey | A '
sTop | 0091 [T0287 | 332 295 AR :
S0 810 7w\
. . _ N a
7 2aw-1d] 0462 | 1270 | [START] (5036)| (0,113) 0.32 3200 | M2 4333 CYCLES i
: {0.182)| (5.00) sTor | 0091 | 0287 | oo 381 78 LN THROUGH :
- (0.036) | (0.113) * (55,2) | (-320) 2 !
0.081 | 0,287 323 78 H
CYCLING START| (0.036) | (0.113) 0.32 (46.,8) | (-320) I'N2__
stor | 0482 | 117 | o0 323 78 e
(0.182) (g:gg) 1. (46.8) (-:%20) 2
0.117 v 95 AIR i
sizine o271 (0046) | (0.190) 0.24 - (72) !
sTop | 0117 | 0.483 | T0 332 295 AR
(0.046) (g.lgg) . {48,2) (72) I
0.117 . 7
7 ~ N 2050 CY
2aw.11| 0460 [ 1270 | stant| &7 | oos0) | 924 anm | N2 20 BF?E:LES |
0.181)] (5.07) K- ;
sTop | 0117 | 0483 | o) 381 78 N THROUGH ;
{0,046) | (0.190) - (55,2) | (-320) 2 :
0,117 | 0.483 323 78 N =
CYCLING START| (01046 | (0.190) | %% | (a6.8) | (-320) M2 :
sTop | 0480 | 1.270 [ o¢ 323 7% 1~
(0.181) | (0.500) (46.8) | (-320) 2
;
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Table 39: Cryostretched 301 Stainless Steel Mechanical Properties
{Based On Area at End of Cryo-Prestress

=/

=
= g
@ - T —_ )
2 ) FoOz @ EQ i
o F L a8 - O we 25 @ <= Vo O
< < Z . TWwT <3T &S;y_ x o E qu’.’oi‘;
T Wt su 228 278 | L28« o AN £3 2w
o g o SE | 882 | ofZ | %% | & | 3% | 23-¢&
w cT x = e Z 5 Z wT o 2
s = &2 oF§ 6=k 9 & s S =2 oE =
0.076 1.75 1338 1979 4 769.5
IC-5 (0.030) (0.69) (194.0) (287.0) 3. (24.6)
0.073 1.80 1365 T750
IC-6 (0.029) (0.71) 198.0 > > (25.4)
0.071 1.78 1365 190,3
Ic8 10,028} {0.70) (198.0) > > (';);ész) _
0.071 1.78 1310 X
Ic9 (0.028) {0.70) {190.0) > > (fgéa’
0.073 1.80 1345 )
1C-10 {0.029) (0.71) (195.0) > > (3(5).103
78 0.073 1.80 1365 X
(-320} IC-15 {0,029 {0.71) (198.0) [ [> (213.39)
0.071 1.78 1338 178.0
Ic-16 (0.028) {0.70) (194.0) > > (25.32)
0.073 1.80 1365 197,
BASE Ic17 (0,029 071} (198.0) 1[2? > (28.6)
0.073 1.27 1338 X
METAL o (0.029) (0.50) (1940 (280.0) 190> 264)
oW 0,073 1.80 1393 > > Te50 |
(0,029} (0.71) (202.0) (32{.39:]
0,071 1.78 T4 -
1cw4 (0,028) {0.70) (192.0) > > (22.9)
0.262 5.08 T357 254
2C-2 (0.103) 2.00) (19606 > = (21.1)
0.073 175 ERLE) THT1.8
e (0.029) (0.69) (169.0) > = (22.00
0.073 7.78 1786 TR0 |
IC-12 {0.029) (0.70) (172.6) > > (21.6)
295 1CW-3 0.073 1.80 227 1448 2 TR
(72} i {0,029} (0.71) (180.0) (210,0) . (19,1}
0.262 5.08 1407
2c5 {0.103) (2.00) = (204.0) = =
- 0.262 5.08 1372 ~
2CW-16 (0,103} {2.00) = (199.0) D >
0,071 1.78 1744
78 kw11 (0.028) {0.70} [ (253.0) > D
(-320) 0.069 778 1800
WELD 1cw-24 (0.027) (0.70) > (261.0) = =
METAL 0.061 1.78 1201
2 P~ ICW-10 {0.024) (0.70) [=> (174.2) = =
(72) 0.064 178 1288
ICW-13 {0,025) (0.70) (= (186.8) D =

ALL SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/m2 {135 KS| — BASED ON ORIGINAL AREA)
PRIOR TO TESTS SHOWN

E) SPECIMENS SUBJECTED TO A SIMULATED SIZING LOADING IN LN, TO 1442 MN/m2 (209.2 KSI} PRIOR TO RT TESTS
D SPECIMENS FAILED AT ARTIFICIALLY INDUCED FLAWS
E> SPECIMENS NOT INSTRUMENTED

D MEASURED IN A 5.1 cm (2.0 INCH} GAGE LENGTH
E’ MEASURED IN A 2.5 cm (1.0 INCH) GAGE LENGTH
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Table 40:  Uniaxial Static Fracture Tests of 0.071 cm (0.028 Inch) Thick Surface

Flawed Cryostretched 301 Stainless Steel Base /Metal

o ‘3‘ - TEST
- E | E-|¥ = |luw | &
Z OT a. - @
oo i@fi?f TEST G_ | 25| % |=¢2 |5 s s
Zo|2Z25(Zr3|PARAMETERS [CF | Y2 | B o |ug | & 2 REMARK
i oR s O E AT 02 | x¢ | S |LE || &
Bz |ZTElS3E £ 12°|3 |EZ2|g&| 3
oF ° cs|g |8 |pZ 27| %
|~
0.071 1.78 ) 0.023 0.142 2055 78 LN DID NOT
-1 |(10,028) | (070 FAILURE (0.009) | (0.056) | 0.16 | (298.0)] (-320) 2 |FAIL AT FEA%
0.071 1.78 FAILURE 0,048 0.290 829 78 LN D
c-2  [(0.028) | (0.70) (0.019) | (0,114) | 0.17 (120.2) | (-320) 2 |FAILMODE
0.074 | 1.78 0.033 [ 0.198 7214 78 | in
1c-3_ |(0.029) | (0.70) FAILURE (0.013) | (0.078) | 017 | (176.0) | (-320) 2 |raimooe >
0.076 | 1.80 0.056 | 0.292 564 78 | n
1c-a  |10.0300 | (0.71) FAILURE 0.022) | (0.115) | 019 | 81.8) | (-320) 2 [FaiLmone B
0.076 | 1.75 FATLORE 0.023 1 6.057 1379 78 | v |PTONOTT
1c-5  |10.030) | (0.69) (0.009) | (0.038) | 0.24 | (287.0)] (-320) 2 |ATFLAW 'I3>L|D
0.074 | 1580 0.030 1 0,170 1848 718 | n
1c-6  |10.029) | (0.71) FAILURE (0.012) | (0.067) | 0.8 | (268.0)] (-320) 2 [raiL MopE T
0.071 | 1.78 D028 | 0.137 1758 78 T i
1c-7 __|(0.028) | (0.70) FAILURE (0.011) | (0.058) | 0.19 | (255.0)] (-320) 2 |FAIL MODE
0.071 1.78 0.033 0,183 1465 78 LN
1c-8 _ |(0.028) | (0.70) FAILURE 0.013) | (0.072) | 0.8 | (212.51] (-320) 2 |FaiL mope &>
0.071 | 1.78 0.028 | 0.140 1311 78 N
1c-9  |10.0281 | 0.70) FAILURE {0.011) | (0,055 | 0.20 | (190.2)] (-320) 2_|raiLmooe B>
0.074 | 1.80 0.028 | 0.140 1345 78 | L~
1c-10_|(0.029) | (0.71) FAILURE (0,011 | (0.055) | 0.20 | (195.01] (-320) 2 [rFai. mooe B>
0.074 | 1.80 6.023 | 0.119 1579 78 |
1c-15_ | 10.029) | (0.71) LEAKAGE 10.009) | (0.047) | 0.19 | (229.0)] (-320) 2 |Leak mope B>
0074 | 1.78 0.023 ] 0.119 1410 78 N
1c-18 |(0.029) | (0.70) FAILURE (0.009) | (0,047) | 0.19 | (204,5)| (-320) 2 |raiL mooe [
0071 | TED 0.020 1 0.054 7423 78 N
1c-19 | (0.028) | 071 FAILURE (0,008) | (0.037) | 0.22 | (206.3)] (-320) 2 |raiLmooe B>
0.069 | 1.75 0.038 | 0213 1338 78 | n
1cw-23/ (0,027) | (0,69) FAILURE ©015) | 0.084) | 0.8 | (194.0)] (:320) 2_Jraimooe =1
0.069 1,78 0.025 0,155 1800 78 LN DID NOT FAIL
1cw-24{ (0.027) | (0.70) FAILURE (0.010) | (0.061) | 016 | (261,0)] (-320) 2 [aTFLAW [
0.020 0.112 _ 78 LN
SIZING [STAF‘T (0.008) | (0.044) | o0.18 (-320) 2 | FAIL MODE
oo6s | 178 .stop |,0:020 | 0.112 1442 78 N
1c11 | (0.020) | (0.69) , (0.008) | (0.044) | 0.18 | (2092)} (-320) 2 B>
) . ’ 0.020 | 0.112 1417 295
FAILURE * AlIR
(0.008) | (0.044) | 0.18 | (208.5)] @2)
0023 | 0174 ~ 78 N
sizing EIART 10,000) | (0.045) | 0.20 (-320) 2_} FAIL MODE
0074 | 178 stop | 0023 T o114 1442 78 | Ln
1c12 | (0.020)| (0.70) (0.009) | (0.045) | 020 | (209.2)] (-320) 2 > >
; ) FAILURE 0023 | 0.114 1436 | 295 AIR
(0.000) | (0045) | 020 | 208 3] 'g2)

SPECIMEN SUBJECTED TO A CRYO-PRESTRESS OF 1450 MN/m2 (210 KSI-
BASED ON ORIGINAL AREA) PRIOR TO LOADING SHOWN

[T> BASED ON AREA AT BEGINNING OF LOADING SHOWN
[F= SPECIMEN NOT REANNEALED AFTER PRECRACKING

SPECIMEN SUBJECTED TO A CRYO~PRESTRESS OF 932 MN/m2 (135 KSI —
BASED ON ORIGINAL AREA) PRIOR TO LOADING SHOWN
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Table 41:  Uniaxial Static Fracture Ests of 0.071 cm (0.028 Inch) Thick Surface Flawed

Cryostretched 301 Stainless Steel Weld fletal Fusion Line D

j 3 TEST
. - -
- b d p = -
z R & oz ; 7| z
-l — — V9]
WE |guzjg3z TEST wo | 25|z | %% |2 s
Z o |2 ZQ|Z £ Q| PARAMETERS | o T |YZ | 8eldg | T z REMARKS
wZl0osekE AT 5z | v | XS |wE | Q2
2 = - - Qw® o«
a = = [a] = ') E oS w T
»nZ|ETEGEE e | 2°|f |pElee| 2
Q W M s
l% =
5060 | 180 T 3750
1CW-2 |5 027) | (0.71) FAILURE w0011 | wose | ©1° | 2165 | (320 | N2 [FAIL mope [
Tcwal 0071 | 1.78 0.025 | 0.160 1582 78
E= [0z | w30 FAILURE ©0.0100 | (0.063) | ©16 | (2205 | (:3200 | N2 |FAIL MODE B>
9071 | 1.78 5028 | 0.155 531 78
1CW-5 | (0'028) | (0.70) LEAKAGE w0oin | woen | ©18 |i3s.0) | (3200 | “N2 >
TCW e[ 0.076 | 1.78 0033 | 0.170 1338 78
= | ©os0] w70 LEAKAGE 0013 | ©0o67 | 1 |0a0 | (320 | N2 |LEAK moDE[>
5071 | 1.78 0018 | 0109 1744 78 BTG NOT FAIL
1CW11) (oo28) | (079 | FAILURE oot | ooam | ¢ |eao | cazo | N2 laTriaw [T
006a | 1.78 0.030 ] 0.127 531 78
1CW-20{ (6 g25) | (0.70) LEAKAGE 0.012) | (0.060) | ©2% | (135.0) | (-320) N, | >
0060 | 1.78 0.038 | 0.208 1331 78
1CW-22| (5 927) | {0.70) FAILURE o018) | ooazr | @18 | 1oz | 320y | N2 |FAIL MoDE _[I>>
0025 | 0.132 N 78
SI1ZING START| o010} | 100520 | 2 (3200 | N2
rcw.10| 0081 | 178 aror | 0025 | 0132 | oo | 1442 78 | D'D NOT FaiL
10|(0.024) | (0.70) (0.010) | (0.052) | > 2002 | (-320) 2 | AT FLAW
0.025 | 0.132 1201 295
FAILURE Doze | 0152 | o1 | (Jam| o2 | AR =
0.025 | 0.132 78
SIZING START| (v 010) | (0.052) | 2'° - (-3z0) | N2
ow.13| 0084 | 1.78 cron | 0025 (0132 [ g | 1442 78 | 01D NOT FaIL
(0.025) | (0.70) 0.010) | (0.052) | & (209.2) | (-320) 2 | AT FLAW
6025 1 0.132 1288 55
FAILURE 0.010) | 0052y | ®1° |(ges | (72) AIR =
0018 | 0.114 78
SIZING START| (5'007) | (0.045) | %' - (-3200 | N2
0.069 | 1.78 5018 | 0.114 7243 78
1cw-21| 50271 | (0.70) STOP | 0’007 | w0asy | ®1® | (200.2) | :320) | “N2 [FAIL MODE
: 0018 | 0.114 1251 295 >
FAILURE 0.007) ] 0.0a5y | °'6 |usis ] g2 | AR

VVVVVV V

SPECIMEN SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/m?
(135 KSI — BASED ON ORIGINAL AREA) PRIOR TO LOADING SHOWN

BASED ON AREA AT BEGINNING OF LOADING SHOWN
SPECIMEN NOT REANNEALED AFTER PRECRACKING
UNLESS NOTED OTHERWISE

CRACK LOCATED ONWELD ¢

CRACK LOCATED IN WELD HAZ

LEAK MODE PRIOR TO Upg = 932 MN/m2
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Table 42:  Uniaxial Static Fracture Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed
Cryostretched 301 Stainless Steel Base [Jetal

. i3 TEST
- OIE |y g |k
z 4 H=1 & =
a4 h _|d = I 0 o w
Yo ldWg|g=x|  TEST w_ | 255 [2% |5 s Ks
52 |ZZQZXQ|PARAMETERS | 0F | G2 | B olas | & z REMAR
w2 LRSI g~ AT oZ | ¥¢ XS |WwE | «_ e
b2 IET |53 § ST|2°%|& |EZ|e& | s
N 8815 |8 |92 ]3| %
= | ke
0.262 5.08 0.127 0.691 505 78
2C-1 0.1 QQ)# {2.00) VFAlLU RE 10,050) | (0.272) 0.18 (73.2) (:320) LN2 FAILMODE D
0.262 5.08 0,036 0,229 1710 78
2C2 | 10.103) | (2.00) FAILURE | (0.019) (9050 0.16 2480 | (:320) LN, [FAIL MODE 3>
0262 | 5.05 0.656 287 848 78
2¢3 | 07103)] (199) FAILURE | (0022) | (0113) | ©1° | 268.00 | (:apy | “N2 [FA!-MOOE [T
0.264 5.08 0.07% 0414 1403 78
2C-4 1 (0.104) | (2.00) FAILURE (©.031) | (0.153) 0.19 (2035) | (320 LN, [FAILMODE [T
0.264 | 5.05 0,045 1 0. “1g35 1+ v
2C8 | (0.104)] (1.99) FAILURE ©0018) | 0.101)_| 18 | 208.0) | (-320) | “N2 |FAIL MODE [F
0.262 5.08 0.043 0.211 1386 78
269 | (0.103)] (2.00) FAILURE | (5.017) | (0.083) | 020 (20101 caz0) LN, [FAILMODE [=>
0.262 | 5.08 0.043 0.224 5 78
2C-16 | (6103) | (2.00) FAILURE 10017) | 0.088) | 91® | (205.2) | (p20) | N2 |FAIL MODE =
0.038 0.193 78
STAR - LN
SIZING TL0.015) | 10076) | 20 {-320) 2 NO CRACK
b5 | 0262 | 5.08 stor | 00 0.193 [ o 7| "12a3 78 | n GROWTH
(0.103) | (2.00) {0.015) | (0.076) : (209.2) | (-320) 2
0.038 0.193 1407 295 FAILED OUTSID
FAILURE  |(0.015) |0.078) | 929 | eoaoy| ‘72 | A'" Jor Fraw arealli]

D SPECIMEN NOT REANNEALED AFTER PRECRACKING

SPECIMEN SUBJECTED TO A ZYRO-PRESTRESS OF 932 MN/mz (135 KSI — BASED ON
ORIGINAL AREA)} PRIOR TO LOADING SHOWN

D BASED ON AREA AT BEGINNING OF LOAD CYCLE

D SPECIMEN LOADED TO 1464 MN/m2 {212 KSI) CYROGENICALLY AND UNLOADED DUE TO

TEST MACHINE MALFUNCTION THEN LOADED TO FAILURE
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Table 43:  Uniaxial Static Fracture Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed
Cryostretched 301 Stainless Steel Weld fetal Fusion Line

o TEST
o (o]
- S - " =
4 -— a = rd
Scla8-l2z2 TEST v 2|1 < |21 9 U
suw (<2FIS2E oF | & 5 X | 2 s REMARKS
S o |ZZ 9|2 £ | PARAMETERS | 0 5 HZ | 9o |4 = z -
ST [~ AT 52 | w7 | XS wE @ e
a2 |== (@] = o E Qa3 w oo =
FZzleT glEs E g°] g -2 | ad >
OF &|O02 5 < E < n= o.
O o' O & z
O D Wy w ;
(= :
0.262 5.08 0.051 0.295 1379 78 :
2cw-1 | 0.103)] .00 FAILURE | (00501 | 10i1161| %7 | (20001 (320) | N2 PATh mooe[TI=> - t
0267 | 5.08 0.041 | 0.218 1390 78 :
2cw-o | (0108 (2.00) FAILURE (0.016) | (0.086) | 0.19 201.6] (3200 | N2 FAIL MODE |} -
0.264 | 5.08 0.135 | 0.747 656 78 '
2cw-13 (0.104)] (2.00) FAILURE (0.053) | (0:204)] 978 | (95.2) | -3200 | N2 | AIL MODE :
. 0.267 | 5.08 0.0817 | 0414 929 78
2cw-18{ (0.105)| (2.00) FAILURE 0.032) | 0163 | %2° | (zam] 3200 | M2 FAIL MODE
0,048 1 0.152 | " o, 78 LN P
sizing | START] (0019) | (0060} ] — (-320) 2 NO CRACK
- o262 | 5.08 0048 | 0152 | ', 1442 78 LN GROWTH
B 2cw-16| (0.103){ (2.00) STOP | (0,019) ] (0.060) . (209.2)] {-320) 2
= 0,048 0.152 1372 295 FAILED OUTSI
- FAILURE 0.019 0.32 (1 ) (72) AlIR F FLAW AREA[l - -

SPECIMEN SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/"‘I2 {135 KSI —
‘ BASED ON ORIGINAL AREA) PRIOR TO LOADING SHOWN

BASED ON AREA AT BEGINNING OF LOAD CYCLE
SPECIMEN NOT REANNEALED AFTER PRECRACKING

=+

-
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Table 44:  Uniaxial Cyclic Tests of 0.071 cm (0.028 Inch) Thick Surface Flawed
Cryostretched |> 201 Stainless Steel Base [Metal at 789K (-3209F)

Q TEST
- N
- I‘ - N
> gt E G ~ | & = { W 5
7] « w
v &’gfégf TEST oI 55 I S22 £ REMARKS
2 o |2 Z3|Z £ S| PARAMETERS 5|42 |%elda | & £
Os |5¥X2Z|IgF 2 4 ~ | £ Q
ws VoZIEE= AT 23 55 Os | ¥ T~ o
BZ|EIg|E3E < °|l g |2 |as | 3
Oor E o= s S g é 1 n =< Zz
6590 =
5018 | 0.099 0.18 - 78 N
START | (0,007)] (0.039} ) (-320) LN,
SIZING 0018 | 0.099 oas | 1442 78 N
0.076 1.80 sTopP {0,007} | (0,039) 3 (209.2) | (-320) 2
1c-2A | (0.030)] (0.71) 0.018 | 0.099 1083 78 4791 CYCLES
START | (0.007)](0039) | %'® | (157.0 | (.320) | N2 | 70 CYCLE
CYCLING 0.069 | 0,173 0.40 1083 78 LN THROUGH
STOP (0.027) ] (0,068} 3 (157.0) | (-320) 2
0.018 | 0.099 o.18 B 78 N
START | (0007 (0.039) | * ca200 | N2
SIZING 0.018 | 0.099 | o1g | 1442 78 | N =
0.074 | 1.80 STOP | {0,007)] 10.039) : (209.2) | (-320) 2
1C-14 | (0.029)] (0.71) 0.018 | 0.099 1083 78 3618 CYCLES
sTART | 0007 ) (0,030 | % | 1s7.00| racey | YNz | 3oIRSESRE
CYCLING 0.069 | 0.168 041 | 1083 78 | n THROUGH
STOP | {0.027)] (0.066) . {157.0) | (-320) 2.
0.025 | 0,142 0.18 ~ 18 |
START | {0.010)] (0,056) {-320) 2
SIZING 0.030 | 0.142 021 1487 18 | N D
0.071 178 STOP | {0,012)] (0.056) (215.6) | {-320) 2
1c-16 | (0.028)] (0.70) 0.030 | 0.142 1242 78 810 CYCLES TO
START | (0,012 0.056) | 2" | 20021 | (azpy | N2 | 319SVC
CYCLING 0.069 | 0.170 0.40 1442 78 LN THROUGH
STOP (0.027)| (0.067) : (209.2) | (-320) 2
00623 [ 0132 | oa7 | - 78 | in
START | (0.009)] (0.052) - (-320) 2
SIZING 0,048 | 0.132 | a7 | 1442 78 | ' n B>
0.074 1.80 STOP (0.019)| (0.052) 3 (209.2) | (-320) 2
1C-17 | 10.029)| (0.71) B.048 | 0.132 1227 78 420 CYCLES
START | (0.019)] (0.052} 0.37 (178.0) | (-320 LN2 TOOBRE: K-
CYCLING 0.077 | 0.185 | o6 | 1227 78 | N, | THROUGH
sTop (0.028)} (0.061) | (178.0) | (-320) 2
0.018 | 0. P — 78
START | (0,007)] 10.044) ’ 320) | N2
SIZING 0018 [ 0112 | 7| 1442 8 | |y
0074 | 198 STOP | (0.007)] {0.044) | (200.2)| (.320 2
1¢-20 | (0.029)| (0.70) 0018 ] 0112 T T2 7 B
START | (oloon] f00aa | %'° | (178.00] r320) | Np | SYCLED FOR
CYCLING 0.043 [T 0.122 | g3 1227 B
STOP (0,017} 10.048) | " (178,0) | (-320) 2
020 | 0. 016 78 N
START | {0.008) | (0.051) : - (-320) | =N
SIZING 0.020 [ 0.130 |~ o 1% 1332 78
0.071 | 1.80 sToP | {0.008)] (0.051) : (209.2)| {-320) 2
1c-21 |[(0.028) | (0.71) 0.020 | 0.730 1227 78
START | (0.008)] (0.051) | %'° | (178,0)] (320) | ENp | 1499 CYCLES
CYCLING 0.069 | 0178 | oo 1227 78 THROUGH
STOP | {0.027)] (0.070) - (178.00] (-320) | N,
— 0023 | 0142 | ..o ~ 78
START | {0.,009)! (0.056) | % (320)] &N
SIZING 0.023 [ 0.142 | "¢ 1442 78 N
0069 | 1.78 sTOP | (0.009)] (0,056) . (200.2)] (.320) | LN,
1CW-12|(0.027) | (0.70) 0.023 | 0.142 938 78
(8M) STARY | (0,009)] 0.056) | >'® | 1136,0)] (:320) | LN, | 3739 C¥CLES
CYCLING 0.064 [ 0.173 [ "1 938 78 N THROUGH
sToP_ | [0.025)| (006g) | O (136,001 3200 | LNo

D SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MNIm2 (135 KS1 —
BASED ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN

BASED ON AREA AT BEGINNING OF SIZING CYCLE
SPECIMEN NOT REANNEALED AFTER PRECRACKING
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Table 45:  Uniaxial Cyclic Tests of 0.071 cm (0.028 Inch) Thick Surface Flawed
Cryostretched |> 301 Stainless Steel Base [letal at 2959K (72°F)

o TEST
- o~
3 T ; “ X -
z é £ bz | % a2 le &
- — X (2] W
X A R I Bz |28 (5. |a%|2 | 2 | remanxs
2o |2Z0|Z £ 3| PARAMETERS | U 5 SE| 2|8y e z
w3 oo Zlegs AT 0Z | x| Ss|WwE || &
3z |EXpEs§ £T19°|& (62 |es| 3
oF 56|z |8 2| 2
S ==
0.020 | 0.130 _ 78 N
START | (g.008) | 10051 | o6 tazor | N2
SIZING 6,020 | 0.130 [ "o | 1442 78 N
0071) 178 STOP | 15,008 10051 | 1209.2) | (-320) 2
1c22 | (0.028) (0.70) 0.020 | 0.130 B 295 AR
PROOF START{ (go0s) | 10,051 | O-'6 (72)
0.020 | 0.130 1234 295
STOP y 0.16 AIR
{0.008) | {0.051}) (179.0} (72)
0.020 0.130 1007 29% 691 CYCLES TO
| START | 100081 [ 10051y | 1€ (a6 ©2) AR 3o BREAK-
CYCLING 0.069 | 0.185 | o~ | 1007 296 AR | THROUGH
STOP | (0.027) | (0.073) - 1146.0) (12}
0.020 | 0.122 — 78 N
START| (o'008) | 0.0am) | %7 caze){ N2
SIZING 0020 | 0122 | "o 1442 78 ™
0074 1380 STOP | 0.008)] (0,08} . (209.2) | (-320) 2
1c23 | 10.020)) (071 0.020 | 0.122 _ 295
START] (5008 | 10.0a8) | O'7 72} AR
PROOF sror | 0020 0322 T 1234 205 IR
(0.008; | (0.04m) | © aren ] g2
17 6.020 | 0.722 817 295 ~tn | 2658 CYCLES
veumal 28Tl (0.008) | (0.048) 0V jmses | @2 TO BREAK-
CYCLING 0071 | 0188 | .o | 817 205 o | THROUGH
STOP | (p.028)] 0.066) | °- aes | 02)
6.015 | 0.089 78
SIZING START| (9'006)| 10.035) | %7 - 2201 LNy
1
stop | 20151 0089 | o4 442 1 (20 LN
0074| 178 10.006) | 10.035) (2092 | (320 2
1c-24 | (0.029)] (0.70) 0.015 | 0.089
START| (o'n06) | 10.035) | %17 - 72) AlR
PROOF I o | 2015 | 00891 4,y "23‘0, ﬁg, AR
{0.006)| (0.035) | © 179,
0.015 | 0.089 848 265
sTART| (Doon| ooam | 917 luzam | 02) AlR | 4758 cYCLES
CYCLIN * T TO BREAK-
& 0.066 | 0.152 0.43 848 295 e | ThROUGH
STOP | (0.026)] 10,0600 | & {123.0) (;:)
6.520 | 0.130
X . — o
iz START| (oloom ] (00811 | '8 (:320) L
G 0020 | 0130 | T 1442 78 n
tcw-18 0071 | 1.76 STOP | (0.008)| (0.051) . 209.2} (-:zsgo) 2
(eM) | (0.028)} (0.69) 0.020 | 0.130 5
PROOE START 0.008}| 10.081) 0,16 o~ 72} AlIR
1 29
sToP Jg:ggg) ! ;g:;:?) .16 ugg.sol 31 AR
0.020 | 0.130 758 295
START| (000m ] @osn | 0 latoo| o2 AR %4;;::2::5
CYCLING 0.066 | 0.175 758 296 n | Tonsuen
STOP | to.026)] 0089 L 0 {11001 (2)
0,023 0.140
y y - N,
sz TART] (0.00914 (0055 0.16 (320} L
0,023 0.140 0.16 1442 78 ™
1cwar ooes | 178 STOP | (p.0091) {0.055) . (209.2) | -335
(8m) | (0.026)] (0.69) 0.023 | 0.140 _ 2
, START]| (0.009] 100551 | %' gz | AR
RooF STOP 0.023 | 0.149 0.16 J-’,:‘o “3;, AIR
10,009} 1 | ) - K
0.023 | 0.140 699 295
START | (0'00e)| ta.055) | 918 [w1014 | (72) AIR $?)3;::£k55
cema TOP 0061 | 0.183 | 533 80 > AIR THROUGH_
sTO (0,024} ] 10,0720 | - (101.4) f_::l
0.023 0,140
START | 10009 | 10058 | %18 - 1-320} LN
e v A Rl PP R b e
1cw-sl o069 | 175 STOP_| jo'com | noss | 016 | (209.2)3 (-320) LINE DURING RT
0.027}| (0.88) starT | 2023 0.140 | ;.8 - 2?,2, AIR | PROOF; SPECIMEN
PROOF 10.0001 ¢ (0.0R6) - THEN GRIPPED
0.023 | 0.140 1734 295
sToP_| (0'009)] 10i0551 | O1& Jur9.00 | o2 AIR Ic;Nn':&'iBgN
START !Dgt&l_jgiggl 0.16 (?;S,O) a2) AIR | CYCLED FOR 1041
CYCLING o066 [ 0170 576 555 o $:g|5§ss~:{o BREAK-
STOP | (0.026)] 0.067) | O3 Ju2ro] (72)

D SPECIMENS BUBJECTED TO A CRYO-PRESTRESS OF 632 MN/m?
(136 KSI — BASED ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN

[=> sAsED ON AREA AT BEGINNING OF SIZING CYCLE
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Table 46: Uniaxial Cyclic Tests of 0.071 cm (0.028 Inch) Thick Surface Flawed Cryostretched [>
301 Stainless Steel Weld /Jetal Fusion Line at 789K (-3200F)

N 8 TEST
- T X uf ’—. [
Sulad | E |oz|% z & | 3
wa |28 AgzT TEST w_ [z5 | € o2 | 5 s
201225|Z 70| raraMETERS [T | Y2 |G o |us | & Z | REMARKS
08 1=x2|5%2 xO | = | ¢ & A < S
dr = 99;95: AT QZ M e QO w\E T o«
hZ T gESE I- 125 | < £z | Wu 3
OF 5|02 06 8 g o o« tl_) = 2‘2. >
o © | wx i
]
0.018 | 0.132 78
sizing LSTART| 000m | (0.052) | %13 — | (s20 | *N2
sror |,0018 | 0.132 T 07T " i4az 78 | n 3273 CYCLES
0061 | 178 (0.007) | (0.052) : (209.2) | (-320) 2 TO BREAK~-
1CW-7 1(0.024) | (0.70) 0,018 [ 0932 | 771010 78 | n THROUGH
cyeuing AR 007 | 0.052) | (146,5) | (-320) 2
0053 | 0.160 | .~ | 1010 78 | n
STOP |(0,021) | (0.063) | % (146.5) | (-320) 2
0,025 | 0.152 78
sizive ErART L (0010 | (0.080) | %17 - (-az0) | “M2
0.025 0.152 0.17 1442 78 LN 701 CYCLES
0.064 | 175 STOP | (0.010) | 10.060) | - (209,2) | (-320) 2 TO BREAK-
1CW8 |(0.025) | (0.69) 0025 | 0152 | o1, | 1256 78 | Ln THROUGH
cveLinG it L ©0.010) | (0,060 | Z " 118200 | (:320) 2
stop | 0088 |02 17 7T 1255 78 | i~
(0.029) 1 (0.000) L > 118201 | (20 2 ]
0.015 . 7
sizing |START L 0.006) | a1 | %15 | = | (3z0) | M2
sror | 0018 T 0104 77 =" 7aa2 78 | N 6113 CYCLES
1ows | 0069 | 178 {0,006) | (0,041 © (208.2) | (-320) 2 TO BREAK-~
(0,027) | (0.70) T 0.015 0.104 0.5 1010 78 LN THROUGH
cyeLing o aPT | (0.006) | (0.0a1) ] (146.5)_]_(-320) 2
0.064 [ 0.165 | ;oo | 1010 8 | n
STOP 1| (0.025) (g.gg;) . {146,5) | (-320) 2
0.62 12 78
sizing LETART | o008 | 00500 | 16 | — | (320 | "2
stop | 0020 T 00271 [ o16 | 1242 78 | un 6350 CYCLES
tewaal 0084 | 178 10.008) | (0.0501| & (209.,2) | (-320) 2 TO BREAK-
7% (0.025) | (0.70) sTART| 0020 [ B127 |5 g [ 793 78 LN THROUGH
CYCLING (0.008) | (0.050)| ~* {115.0)_| {-320) 2
stop | 0081 T 0355 T 7| 793 78 LN
(o,g;g)q_(g.om 1 (115,00 | (-320) 2
o, 122 78
SIZING START ‘3'?%??—"_(0.04:5) o _ 3200 | N2
X 0.122 1442 78
1cwasl 0986 | 175 STOP | w0.008) | (0.048)| %7 |(2002) | (-320) | N2 | 1123 CYCLES
(0.026) | (0.69) START] 0020 | 022 | o 234 78 | in THROUGH
CYCLING (0,008} | (0.048) . (179.0)_4_(-320)
sTop | 0084 | 0.150 T~ " 1234 78 | n
(0,025) | (0.059)] % {179.0) | (-320)

D SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/m2
(135 KSi — BASED ON ORIGINAL AREA]} PRIOR TO LOADINGS SHOWN

D BASED ON AREA AT BEGINNING OF SIZING CYCLE
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Table 47:  Uniaxial Cyclic Tests of 0.071 cm (0.028 Inch) Thick Surface Flawed Cryostretched [>
301 Stainless Steel Weld Metal Fusion Line at 295°K (729F)

N 8 TEST
. . . =
-~ pa I W - - R
z 9 Y o7 | & 2| = &
DE|gLE|ZI2E|,, areT =120 |3 |32 |2 2 | REMARKS
2 u |2 2 3|Z £ Q| PARAMETERS | YUYZ2|Polda | % Z
O oS Zlor 2z = | xg £ o |
ws |DOZIER= AT Q< ¥Xeloa|¥E T _ 4 !
Bz |EXx E ; E o € P-4 - [+ ) > i
OF 6|03 ¢ CE Il 5] n Z == zZ :
Wy w .
5 =] & i
0.020 | 0.091 — 78 i
START | (o'008) | (0.036) | %22 (3200 | “No
SIZING 0.020 | 0091 | oo 1442 78 LN
STOP |(o.008) | (0.036) | ™ (209.2) | (-320) 2
0.020 | 0.091 — 5
0066 | 1.78 START | (0.008) | 0.036) | %22 @2) | AR
rewas| 0028 | 070 | FROT 0020 | 0091 | ., | 1234 | 295 | 4
. ‘ : STOP  }(0.008) | (0.036) | (179.0) | (712)
555 2718 CYCLES
0.020 | 0.091 | oo, | 857 AR B REAK-
START l(0,008) | (0.036) | * (124,3) | (72) OUGH
CYCLING 0064 | 0152 | o= | 857 295 AR THR
STOP | (0.025) | (0.060) | (124,.3) | _(72)
_ — _ i —
SPECIMEN SUBJECTED TO A CRYO~PRESTRESS OF 932 MN/m2 {135 KSI —
. ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN
1
D BASED ON AREA AT BEGINNING OF SIZING CYCLE
i
|
% é
H |
! :
i ]
|
!
i :
i
!
%
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Table 48:  Uniaxial Cyclic Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed Cryostretched [T
301 Stainless Steel Base Metal at 789K (-3200F)

] 3 TEST
- E‘ E u; 1“-; ;
z a o | % @
e a‘ﬁf&‘;f TEST w_|z5|% |25 S ARKS
So|ZZZ|Z Q| PARAMETERS | 08 | D2 | B e lds | z REM
o = Vo ZeE= AT QZ | ¥ ¢ SS|wE|c_| B
5z |lcT gt € T | 85|« |Ez |8+ | S
I CER: CE| g o« LS | §2 z
o © IP W w w
Eo_
0.046 | 0262 - 78 | LN,
START | (0,018 | (0.10m] %7 (-320) 2 | B>
SIZING 0.046 | 0262 | o5 1442 78 | LN
(o.zsz 5.08 STOP | (0,018) ]| (0.103) . (209.2)] (-320) 2 1000 CYCLES
2C-6 0.103)] (2.00) 0.046 | 0.262 1442 78 LN TO FAILURE
YELING START| o018 ] (0.103)] %'7 | (200.2)] (-320) 2
crcu . 0261 | 0,686 | oo 1442 78 | LN
STOP | (0.099) | (0.270)| °° (209.2)] (-320) 2
0.048 0.267 78 LN
cizine AR ooy | wiom] ®1% 1 — | sar | 2 | >
0.048 | 0267 | o1a 1442 78 | n
2c7 | @109 (5001 STOP | (0.019)] (0.108)] (209,2)] (-320) 2 | 2433cycLEs
- . . 0.048 | 0.267 1227 78 | LN TO BREAK-~-
cveLing EEART L (00192 | (0.105) 018 | (178.0) (-320) 2 | THROUGH
ror | 0251 [ o0s8al o 1227 78 | Ln
s (0.009) | (©0.230)] (178.0)]__(-320) 2
0.025 0.152 _ 78 LN
sizine EART] 00101] (0.060) 0.17 (-320) 2
0.025 0.152 0.17 1442 78 LN
2c13 (g-fgg) (g-(‘):) STOP | (0010:] (00601} " (209.2) (-320) 2 8012 CYCLES
- . . 0.025 | 0.152 1083 78 | N TO BREAK-
cveLine 2R 00100 ] (0.060) 017 | (1s7.00 (-320) 2 THROUGH
LINGE rop | 0254 | 0533 [ 4q 1083 718 | u~
o {0.100)] (0.210)| " (152,00 (-320) 2
0041 | 0.244 _ 78 | LN CRACK i
sizing ETARTY 00161} (0.096) 0.17 (-320) 2 | APPEARANCE  cpoowTH.ON-
0,206 0.526 1442 78 LN OADING
0.264 | 5.08 STOP | 0osn ]| wzon| 9° | (200.2) (320 2
2C-15 (0.104) (2.00) START 0.206 0.526 0.39 1083 78 LN
CYCLING {o081)] 020 (152,01 (-320) 2 cycLic
sror | 0248 [ 0533 [ o) 1083 78 | LN. |47 CYCLESTO GROWTH
(0,098)| (0,210) * (152,00 (-320) 2 |BREAKTHROUGH
0.036 [ 0.175 ~ 78 | L~
sizing ETART L (0,014 (0,069)] °2° (:320) 2
0.036 0.1 75 1442 78 LN 11 Y ES
0.259 | 5.08 STOP | (0.014)] (0.069)] %2° | (20028 (-320) 2 Stiecyct
2CW-12] (0.102) (2,00 TO BREAK-
M) - -00) sTarT| 0036 [ 0175 I o 1082 78 | N THROUGH
( CYCLING {0,014)] (0.069 (157.00_(-320) 2
sror | 0241 | 0572 a2 1082 78 | LN
{0,095) |_(0,225 * (152,08 (-320) 2

SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/n‘!2
(135 KS1 BASED ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN

BASED ON AREA AT BEGINNING OF SIZING CYCLE
SPECIMEN NOT REANNEALED AFTER PRECRACKING
D APPROXIMATE DIMENSION
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Table 49  Uniaxial Cyclic Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed Cryostretched [>
301 Stainless Steel Base Metal at 2959K (720F)

o & TEST
L o I‘ I‘ - F-
. - w —_ W
z ] & OT | % a o
- P P I v @ w
gfﬁ IUT|<3T TEST D=1 Z9 § °¥ | O 5
S22 Z O|Z £ 5| PARAMETERS | O 5| 4uz| o 8 da | & z REMARKS
we o=@k = AT SZ 1«32 | % wE | e
&g I cQE <= UE 20 T3> wT &«
o~ Eloz s o < o« ns e 2
5615 |5 |P2|gy| 3
=0
0047 | 0229 78
sizimne PR T 10.016) | (0,090) 0.18 - 3200 | N2
ror | 0081|0220 |7 T 144z 8 | '~
0262 | 5.08 (0.016) | (0.000) | & (209.2) | (-320) 2
2c-10| (0.103)| (2.00) aTanT] 0041 | 0229 T o g ~ 295 | ain
PROGF (0.016) | (0,090) (72)
sToP 0.041 0,229 0.18 1234 295 AIR
(0.016) | 00001 | & (179.0) | (72) 1992 CYCLES
0.041 | 0229 |~ 1214 255 TO BREAK-
cyeLne AT o.016) | (0,000) 018 | 1360)| (720 | A" | THROUGH
0249 | 0.625 1214 295
1570P | (0008 | (02a6) | 940 | (17600 | gz | AP
0.028 | 0.157 ~ 78
cizine AT L 0,011) | 0.062) 0.18 (3200 | N2
sTOP 0,028 0.157 0.18 1442 78 LN
rer 024 | 508 0.011) | (0.062) | & {209.2) | (-320) 2
.12 | (0.104) | (2.00) START] 0028 | 0157 1 oo — 295 AR
PROOF (0.011) | (0.062) 72
wrop ] 0028 [To.157 [ o o[ 1234 295 | 5665 CYCLES
©011) 0062) | © (179,00 | (72 TO BREAK-
0.028 | 0.157 1034 295 THROUGH
CYCLING START| (0011 | 10.062) | '8 [isom | (21 | A™®
STOP 0.249 0.559 0.45 1034 295 AIR
(0.008) | (0.220) (150.0) | (72)
0.020 T 0.114 - £
sizine LTART | 0.008) | 00as) | ©T° | - | (:320) LNz
STop [ 0020 [ 0114 | o~ 144z 78 o~
sone] 2284 s.og) (0.008) | 10.045) | ° (209.2) | (-320) 2
- o 1 !
(0.104) | (1.9 sTART| 0020 1 0114 1 44g — 295 AIR |FAILED OUTSIDE
PROOF {0.008) | (0.045) (72) OF ARTIFICIALLY
stop | 0020 [ 0114 1 5 | 1234 295 AIR |INDUCED FLAW
(9.008) (0.0a5) | % (179.00 | @2 N TER 4044
K 0.114 1034 295
cyeunalSTART] .008) | (0.045) 0.18 | 1500y | 72y | A'R |CYCLES
0.079 | 0.178 1034 295
sTOP (0.031) | (0.070) 044 | 45000 | 720 | A
6.028 | 0.130 — 78
SIZING START| (5'011) | {00513 922 - (az0) | “N2
wror | 0028 | 030 [ o 744 78 N
— (g-’fgz) (g-gg) (0.011) | (0.051) (209.2) | (-320) 2
. . 0.028 | 0.130 295
(8M) orooF b2 T 0,011 | 10081) 0.22 - az | A7
<rop | 0028 [ 0hao | - T 1234 295 o
(0.011) | 0.051) (179.0) | _@2)
0.028 | 0.130 1234 | 295
0.244 0.749 1234 295 -
STOP | 008l | 029% | ©3° |t19.00 | ‘72 AIR | THROUGH
0.018 | 0.119 78
SIZING START| (0 007) | 0.047)) 'S — | ¢320) LNy
sTOP 0.018 0.119 0.15 1442 78 N
- (g.fgg) (g.gg) woon | 0osanl & (209.2)] (-320) )
cw . . 01 X 295
{(BM) START ‘g gﬂs) (g‘;;g) 0,15 - (72) AlIR | FAILED OUTSIDE
PROOF 0.018 0.1 19' 1234 205 OF ARITIFICIALLY
STOP ! woor | woazy ] 915 | (179.0) (72} AIR LNF?r‘é%E,‘%E'AW
0,018 0.119 1234 295
- starT| 083 | Soem | 015 | 80| o2) AIR | CYCLES
T334
srop | 0097 [0226 | o 295 o
(0,038) ) 179.00 | (72

=

D BASED ON AREA AT BEGINNING OF SIZING CYCLE
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SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MNlm2
(135 KSI BASED ON ORIGINAL AREA) PRIORTO LOADINGS SHOWN
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Table 50:  Uniaxial Cyclic Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed Cryostretched [>
301 Stainless Steel Weld lMetal Fusion Line at 789K (-320°F)

& TEST
L ]
- E ey e | &
2 OoT a. =
Sa (28722 TEST w_ | z5| & o8 |5 W
swilLSEZ2 ox | Uz | & = REMARKS
(—-)m Eggg:g PARAMETERS v O g% I &N E g
R T AT 0Z | ¥ XCIWE | « &
BnzZ|cT e|C3E o ° | < Z | as >
OF &5|O0= 5 g o b s p
O o« 5 F
6 1% B>y &
0.038 0.191 78
START] (0,015} | (0.075) ] 020 - (3200 | M2
SIZING | 0.038 | 0.191 1442 78 LN
0.264]| b5.08 sToP |(0.015) | (0.075) | %29 | (208.2)] (-320) 2
2cws | (a.104) (2,00 START (g'g?.g) (3109715) 0.20 (:33,0) (.3'7;3) LN, [3490 CYCLESTO
CYCLING 0249 | 0.630 1227 78 BREAKTHROUGH
sTop |(0.008) | 0248) | 940 | (178.00] (3200 | “N2
0.028 | 0,755 78
sizine FSTART! (0,011) | (0.061) 0.18 - {-320) LN,
0028 [ 0155 | "0 1442 78 N
0259 | 5.08 sTOP | (0.011) ] (0.061) | © (200.2)] (-320) 3985 CYCLES TO
2cw-7 | (0.102)] (2.00) 0.028 | 0.155 s 1327 78 LN | BREAKTHROUGH
cveLing LSTART! (0,011) | (0,061) [ 0. '(178.0)] (-820 2
0.244 | 0.627 1227 78
STOP_| (0,096} | (0.2a7) | ©3° | 1178.0)] (320) | M2
0.028 0.155 78
START] (0.011) | (0.061) | 98 - (-320) LN,
SizING 0.028 | 0.155 | 4.2 1443 78 N
0.264 | 5,08 STOP | (0.011) | (0.061) . (209.2){ (-320) 2
zowt) oa) (o0 stant| o0an | oen | 018 | (o3 saey | \Na |7900c¥CLES
CYCLING }— 0.249 -6'559 1085 g TO BREAK-
sToP | (0.008) | (0.224) | 944 | (157.0] (3200 | LNp | THROUGH
5520 T 0.I17 e —
y y 0.17 - LN
sizing |oTART ‘g'ggg’ (8"1)‘1‘3’ "3$g’ FAILED OUTSIDE
. . 0.7 1442 LN, | OF ARTIFICIALLY)|
0.264 | 5.08 STOP | (0.008)| (0.046) (209.2)| (-320) 2 | \NDUCED FLAW
2CW-14§ (0.104)| (2.00) 0.020 | 0.17Y 017 1227 bi:] N AFTER 4033
START .04 - -320 2
cvoumo [STANT| tosoe | iiose | 7 Ll uspm | Vs SO,
STOP | (0,030) | (0.070) i (178.0)| (-320) 2

SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MNIm2

(135 KSI — BASED ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN
D BASED ON AREA AT BEGINNING OF SIZING CYCLE
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Table 51:  Uniaxial Cyclic Tests of 0.26 cm (0.10 Inch) Thick Surface Flawed Cryostretched (>
201 Stainless Steel Veld tetal Fusion Line at 2959K (729F}

b I

. & TEST
; EE |8 | 5|y |k
z Tk a =
Zxl2fzlgzg| test  |Eo | 28| |SE(5 | Z | newamss
So|Z2Z9Z2:2 PARAMETERS | OF5 | 52 | 2 9 | @ = z RE
D2 |o8Elers AT 52 | x| S |WE |« €
a=2l== (a] Q= o E © v T st
FZlcT T3 E = 2° | & z a s S
OF 5|0% ¢ CTE | x o« s | §2 | 2
o © > wx | @
=]
0.028 | 0.163 78
T -
sizing EafT | ot o) 017 a2 | N2
sYoP 0028 | 0.1631 4 1442 78 LN
0,011)| (0,064)] (209.2) | (-320) 2
0.028 | 0.163 295
START - LESS THAN
0254 | 503 | proor (0011 (oosa| %7 gn ) A" | sar5 cycLes
2CW-2 {0.100} {(1.98) STOP 0,028 0.163 017 1234 295 AIR TO BREAK-
(0.011) (0.064)] 1.0 | 2 THROUGH
START | 0028 | 0463 [ 4,4, 1027 295 AIR
CYCLING }— (0.011)} (0064); (149.0) (22}
STOP 0.246 | 0742 [ 55 | 1027 295 AlR
(0.007)] “(0.292)| 7 (149.00 | (72)
0.028 | 0.155 78
START -
SIZING {Q.011) (0,061} 0.18 {-320Q) LN2
stor | 0028 [ 0486 4.0 | 1442 718 | n
(0,011)} (0,061) . {209.2) | (-320) 2
0.028 0.155 295 :
ART - _ :
0262 | 508 | prooF Lot | (0.011)] (0.061) 018 g2, | A'® | 2605 cycLEs vi
2cw-3 | (0.103)| (2.00) sTor | 0028 [ 0.185 |” o o | 1234 295 | A | TO BREAK- o
(0.011)] (0061 1179.00 |  ‘(72) THROUGH
0.028 | 0.155 . 1234 295
TART :
cveLnG | ©oin| woen| %18 larso] ‘g2 | AP
sTOP 0246 | 0574 | o, | 1234 295 AIR
(0,097)] (0.226)| _~ (179.0) (72} .
0018 | 0.114 78
START -
SIZING (0.007)| (0.045) 0.16 {(-320) LN,
STOP 0.018 0.114 0.16 1442 78 LN
(0.007)| (0.045)] - (209.2) | (-320) 2
0.018 | 0.114 295
sTtarT | O . _ FAILED OUTSIDE
0.259 | 5.08 | pRoOF 0.00n| 0.0am| o1° 72) | A'® | oF aRTIFICIALLY
2cwW-4 | (0,102)| (2.00) Sror | 0018 | o.1a | o[ 1232 296 | Ao | INDUCED FLAW
(0.007)| (0.045) : {179.0) (72) AFTER 4600
0.018 0.114 1034 295
TART| O . CYCLES
cyeLInG b w0007 | 0oas)] o6 | usoo| oz | AR
stor | 0086 [ 0.198 1 o, | 1034 295 | m
(0,034)] (0.078)] " (150.0) | (72)
6.015 | 0.094 78
TAR * y —
aizing FonPT | 0006 (003m)) 0.6 -320) | N
oTop | 0015 [ 0094 | (| 1442 8 | N
(0,006)| (0,037) (209.2) | (-320) 2
0.015 0.094 295
T - . -
sows | 0269 | 508 | proor Eanr 000} woan} °7° 72) | A'® | CYCLED FOR
(wm) | (0.106)| (2.00) sTor | 0015 [ 0094l . [ 1234 295 om | 2869 CYCLES
(0.008)| (0,032} (179.00 | G2)
0.015 0,094 1234 295
START .
CYCLING TART | oooer| wooan] %' | arem] w2 | AR
stop | 0145 | 0361 [ ., | 1234 295 R
(0057)] (0142 - (179,00 ] _(72)
D SPECIMENS SUBJECTED TO A CRYO-PRESTRESS OF 932 MN/m?
(135 KSI BASED ON ORIGINAL AREA) PRIOR TO LOADINGS SHOWN
D BASED ON AREA AT BEGINNING OF SIZING CYZLE 5
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